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IIS,  ABSTRACT 


Ths  objective  of  this  one-year  program  was  to  develop  end  demonstrate  emission  abatement  technology  sufficient  to  obtain  a  60%  overall 
reduction  in  gas  turbine  engine  mass  emissions  (CO,  CxHy,  NOx  and  smoko)  with  no  increase  in  any  individual  pollutant  when  tested  over 
a  typical  Army  light  observation  helicopter  (LOH)  duty  cycle.  The  selected  baseline  was  the  Army  TB3-A-5A  gas  turbine  engine  combustor. 
The  program  was  conducted  in  three  tasks:  •  Task  1  •  Problem  Definition 

•  Task  2  -  Concept  Analysts  and  Selection 

•  Task  0  Test 

In  Task  1,  an  LOH  duty  cycle  was  selected,  tha  corresponding  combustor  operating  conditions  were  defined,  and  an  assessment  wei  made  of 
the  emission  problem  for  the  selected  LOH  duty  cycle.  Tne  selected  duty  cycle  consisted  of  five  operating  points  from  Idle  (16%  time) 
through  maximum  power  (5%  timo).  The  results  of  Task  1  showed  that  the  major  pollutant  frpm  the  T63  A-6A  honregeneratlve  engine  for 
the  LOH  duty  cycle  was  carbon  monoxide.  It  constituted  78%  of  the  total  pollution.  For  the  regenerative  T63  engine,  both  N0X  and  CO 
were  major  pollutants,  and  their  Individual,  respective  contributions  were  42%  end  47%. 

Task  2  was  to  analyze  and  select  low  emission  concepts.  Three  approaches  used  In  tills  study  task  were  emission  reaction  kinetic  model 
predictions,  empirical  emission  correlation  prediction,  and  survey  of  previously  published  literature  on  experimental  emissions  ptrformance  of 
potential  low-emission  combustors. 

In  Tusk  3,  combustor  experiments  were  conducted  in  a  combustor  test  rig  which  simulated  the  T63  A-5A  engine  combustor  flow  path.  Six 
hundred  seventy  three  emission  data  points  were  obtained  during  the  248:40  hours  of  burning  time.  Task  3  was  conducted  in  three  phases: 
baseline  combustor  experiments,  preliminary  low-emission  combustor  experiments,  and  final  low-omission  combustor  experiments. 

The  baseline  combustor  experiments  were  conducted  with  the  conventional  T63-A-5A  combustor  to  establish  the  baseline  emission  index  and 
to  establish  correlation  between  combustor  rig  and  available  engine  emission  dau.  Agreement  between  engine  and  rig  total  emission  index 
wet  established  within  two  percent. 

Seventeen  potential  low-emlsslon  combustors,  each  Incorporating  one  or  more  of  the  selected  concepts,  were  tested  to  determine  their 
•minion  performance.  Experimental  results  indicated  that  several  designs  had  the  potential  for  mooting  the  program  objectives. 

Two  combustors  selected  for  final  experimental  evaluation  were  the  "Prechamber"  and  "Modified  Conventional."  The  low-emission  feature 
In  the  'Pr •chamber”  combustor  was  premix/prevaporiiation.  The  "Modified  Conventional"  combustor  incorporated  four  tow-emission  feature#: 
•JblMt  fuel  atomization,  dalayed  dilution,  convection  cooling,  and  variable  geometry  Both  of  thee*  combustors  met  tha  emission  reduction 
objectives.  Experimental  results  indicated  that  both  of  these  liners  can  be  developed  to  meet  all  other  conventional  T63  oombustor  require* 
t#."P#r.*ture  Pf0,llt*  durability,  etc.  The  estimated  development  time  for  tha  "bechambar”  Is  longer  than  for  the 
Modified  ConvenTiopal,  However,  the  *  Prechamber"  combustor  has  better,  amission  reduction  potential  whan  both  combustors  jre  designed 
as  elthtr  fixed  or  variable  geometry  combustors.  . 
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The  objective  of  this  contractual  effort  was  to  evaluate  low-emission  concepts 
theoretically  and  experimentally  and  to  use  the  data  generated  in  this  effort 
to  develop  and  demonstrate  a  combustor  having  50%  minimum  reduction  in 
total  mass  emissions.  Two  final  combustors  that  meet  the  contract  objectives 
were  developed. 

Appropriate  technical  personnel  of  this  Directorate  have  reviewed  this  report 
and  concur  with  the  conclusions  contained  herein. 

The  findings  and  recommendations  outlined  herein  will  be  considered  in 
planning  future  small  gas  turbine  engine  and  combustor  component  develop¬ 
ment  programs. 
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ABSTRACT 


The  objective  of  this  one-year  program  was  to  develop  and  demonstrate 
emission  abatement  technology  sufficient  to  obtain  a  5056  overall 
reduction  in  gas  turbine  engine  mass  emissions  (CO,  CxHy,  N0X  and 
smoke)  with  no  increase  in  any  individual  pollutant  when  tested  over 
a  typical  Army  light  observation  helicopter  (LOH)  duty  cycle.  The 
selected  baseline  was  the  Army  T63-A-SA  gas  turbine  engine  combustor. 

The  program  was  conducted  in  three  tasks: 

°  Task  1  -  Problem  Definition 

°  Task  2  -  Concept  Analysis  and  Selection 

*  Task  3  -  Test 

In  Task  1,  an  LOH  duty  cycle  was  selected,  the  corresponding  combus¬ 
tor  operating  conditions  were  defined,  and  an  assessment  was  made  of 
the  emission  problem  for  the  selected  LOH  duty  cycle.  The  selected 
duty  cycle  consisted  of  five  operating  points  from  idle  (1556  time) 
through  maximum  power  (556  time) .  The  results  of  Task  1  showed  that 
the  major  pollutanr  from  the  T63-A-5A  nonregenerative  engine  for 
the  LOH  duty  cycle  was  carbon  monoxide.  It  constituted  7856  of  the 
total  pollution.  For  the  regenerative  T63  engine,  both  No„  and  CO 
were  major  pollutants,  and  their  individual,  respective 
contributions  were  4256  and  4756. 

Task  2  was  to  analyse  and  select  low-emission  concepts.  Three 
approaches  used  in  this  study  task  were  emission  reaction  kinetic 
model  predictions,  empirical  emission  correlation  prediction,  and 
survey  of  previously  published  literature  on  experimental  emissions 
performance  of  potential  low-emission  combustors. 

In  Task  3,  combustor  experiments  were  conducted  in  a  combustor  test 
rig  which  simulated  the  T63-A-5A  engine  combustor  flow  path.  Six 
hundred  seventy-three  emission  data  points  were  obtained  during  the 
246:40  hours  of  burning  time.  Task  3  was  conducted  in  three  phases: 

*  Baseline  combustor  experiments. 

*  Preliminary  low-emission  combustor  experiments. 

*  Final  low-emission  combustor  experiments. 

The  baseline  combustor  experiments  were  conducted  with  the  conven¬ 
tional  T63-A-SA  combustor  to  establish  the  baseline  emission  index 
and  to  establish  correlation  between  combustor  rig  and  available 
engine  emission  data.  Agreement  between  engine  and  rig  total 
emission  index  was  established  within  two  percent. 


Seventeen  potential  low-emission  combustors,  each  incorporating  one 
or  more  of  the  selected  concepts,  were  tested  to  determine  their 
emission  performance.  Experimental  results  indicated  that  several 
designs  had  the  potential  for  meeting  the  program  objectives. 

Two  combustors  selected  for  final  experimental  evaluation  were  the 
"Prechamber”  and  "Modified  Conventional.”  The  low-emission  feature 
in  the  ’’Preehamber"  combustor  was  premix/pre vaporization.  The 
"Modified  Conventional”  combustor  incorporated  four  low-emission 
features:  airblast  fuel  atomization,  delayed  dilution,  convection 
cooling,  and  variable  geometry.  Both  of  these  combustors  met  the 
emission  reduction  objectives.  Experimental  results  indicated  that 
both  of  these  liners  can  be  developed  to  meet  all  other  conventional 
T63  combustor  requirements,  i.e.,  light-off,  temperature  profile, 
durability,  etc.  The  estimated  development  time  for  the  ’’Prechamber” 
is  longer  than  for  the  "Modified  Conventional.”  However,  the 
"Prechamber"  combustor  has  better  emission  reduction  potential  when 
both  combustors  are  designed  as  either  fixed  or  variable  geometry 
combustors. 


FOREWORD 


The  program  reported  herein  was  conducted  for  the  U.  S.  Army  Air  Mobility 
Research  and  Development  Laboratory,  Eustis  Directorate,  under  Contract 
DAAJ02-72-C-0005,  DA  Task  1G162207AA7102. 

The  authors  are  grateful  for  the  significant  contributions  made  to  the 
program  by  other  Detroit  Diesel  Allison  (DDA)  personnel.  Mr,  J,  M.  Vaught 
conducted  the  studies  on  the  definition  and  selection  of  the  LOH  duty  cycle. 
Dr.  D.  W,  Clark  provided  the  direction  and  personnel  for  the  emission 
measurements,  Mr.  J.  R.  Williams  directed  the  laboratory  operations  for 
acquiring  and  reducing  the  combustor  performance  data.  Messrs.  W.  S,  Sher¬ 
man  and  W,  H.  Roberts  were  responsible  for  obtaining  the  combustor  hardware 
at  minimum  cost,  which  made  it  possible  to  experimentally  evaluate  numerous 
low-emission  combustors  within  the  contract  budget,  Messrs.  D,  W,  Auster- 
miller,  V,  0.  Hall,  and  E.  Ward,  Jr,,  installed  and  tested  the  combustors. 
Through  their  suggestions  and  efforts  the  installation  and  test  time  was 
reduced  to  the  point  that  only  one  day  was  required  for  the  installation 
and  complete  test  of  each  combustor. 

The  authors  are  also  grateful  for  the  program  guidance,  suggestions,  and 
LOH  duty  cycle  data  provided  by  Mr.  Robert  Dodd  of  the  Eustis  Directorate, 
U.S,  Army  Air  Mobility  Research  and  Development  Laboratory,  and  Mr.  Lawrence 
Bell  of  the  U.S,  Army  Aviation  Systems  Command, 
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Measurements  mads  on  various  gas  turbine  engines  clearly  show  that 
the  major  air  pollutants  emitted  from  these  engines  are  carbon 
monoxide  (CO)  and  unburned  hydrocarbons  (CxHy)  at  low  power  settings 
and  oxides  of  nitrogen  (N0X)  and  particulates  at  high  power.  The 
causes  of  these  pollutants  are  known,  being  combustion  inefficiency 
plus  quenching  effects  in  the  case  of  CO  and  C^Hy  and  high  average 
and  local  flame  temperatures  in  the  case  of  N0X.  The  cause  of  par¬ 
ticulate  (smoke)  emission  is  fuel-rich,  droplet  combustion 
(carbon  formation  problem)  and  quenching  of  the  carbon  oxidation 
reactions  prior  to  consumption  (carbon  consumption  problem) .  It  is 
therefore  not  difficult  to  conceive  of  alterations  to  the  combustion, 
cooling,  and  dilution  processes  performed  in  the  gas  turbine  combus¬ 
tor  which  will  result  in  significantly  reduced  mass  emissions. 

Past  emission  abatement  efforts  in  aircraft  gas  turbine  engines  have 
been  directed  primarily  toward  elimination  of  visible  pollution  - 
smoke.  Future  aircraft  emission  regulations  will  also  require  con¬ 
trol  of  the  nonvisible  emissions  -  carbon  monoxide,  hydrocarbons, 
and  nitrogen  oxides  over  a  specified  aircraft  duty  cycle.  Aircraft 
pollution  regulations  are  contained  in  U.S.  Public  Law  91-604, 

"Clean  Air  Amendments  of  1970,"  which  was  approved  31  December  1970. 
It  requires  the  issuance  of  Federal  regulations  controlling  exhaust 
emissions.  These  anticipated  regulations  will  probably  require 
reductions  in  all  the  mass  emissions. 

In  addition  to  the  ecological  Incentive  for  low wnass- emission  com¬ 
bustors,  there  are  many  other  potential  benefits  from  low-emission 
combustion  systems,  such  as: 

°  Noise  reduction. 

°  Altitude  ignition  improvement. 

0  Specific  fuel  consumption  reduction. 

*  Increased  combustor  life  due  to  decreased  liner  temperature 
with  reduced  flame  radiation. 

*  Longer  turbine  section  life  due  to  reduced  erosion. 

A  one-year  program  plan  was  devised  to  provide  emission  abatement 
technology  for  aircraft  gas  turbine  engine  combustors.  The  selected 
baseline  engine  for  the  program  was  the  Detroit  Diesel  Allison  T63. 
There  are  two  versions  of  this  engine:  nonregenerative  and  regen¬ 
erative.  Emission  data  was  available  for  both  versions.  Some  of 
the  emission  data  is  summarized  in  Table  I. 
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TABLE  I.  TYPICAL  T63  ENGINE  EXHAUST  EMISSIONS 


T63  Regenerative 

Power  CO  f  H  N0V  CO  CH  NOv 

(hp) _ (ppm)  (ppm)  (ppm) _ (ppm)  (ppm)  (ppm) 

SO  950  88  11  250  45  32 

200  290  11  40  91  9  68 


The  T63  operates  with  a  more  lean  primary  zone  than  most  other  con¬ 
ventional  gas  turbine  engine  combustors.  Therefore,  the  T63  is  rela¬ 
tively  clean  on  N0X  emissions  but  dirty  on  CO  and  (^tL  emissions. 
However,  the  emission  trends  are  representative  of  the  emission 
problems  prevalent  in  all  aircraft  gas  turbine  engines. 

The  T63  is  ideally  suited  for  providing  emission  abatement  technology 
at  minimum  cost  because  it  is  a  can-type  combustor,  and  a  T63  combus¬ 
tor  test  rig  was  available  for  use  in  the  program.  The  cost  advan¬ 
tage  of  the  can  combustor  was  that  the  fabrication  cost  of  the  com¬ 
bustors  incorporating  low-emission  concepts  is  considerably  less  than 
the  fabrication  cost  of  annular  combustors  employing  the  same  con¬ 
cepts.  Therefore,  for  the  same  program  costs,  many  more  emission 
reduction  concepts  could  be  experimentally  investigated  in  can-type 
combustors  than  in  annular  combustors.  The  concepts  which  demon¬ 
strate  emission  reduction  potential  in  the  can  combustors  could  be 
applied  in  future  annular  combustors. 

Another  advantageous  feature  of  the  T63  is  the  availability  of  both 
nonregenera tive  and  regenerative  versions  of  the  engine.  The  non- 
re generative  version  is  representative  of  current  helicopter  gas 
turbine  engines,  and  the  combustor  inlet  temperature  of  the  T63 
regenerative  engine  is  representative  of  future  high-pressure-ratio 
helicopter  gaa  turbine  engines . 

The  objective  of  the  program  was  to  develop  and  demonstrate  emission 
abatement  technology  sufficient  to  obtain  a  50K  reduction  in  total 
mass  emissions  (CO,  CxHv,  N0X  plus  particulates)  from  the  T63-A-SA 
nonregeneratlve  engine  when  tested  over  a  typical  Army  light  obser¬ 
vation  helicopter  (L0H)  duty  cycle.  Constraints  imposed  in  meeting 
the  objective  were 

*  No  increase  in  individual  pollutants. 

*  No  significant  NOx  increase  at  regenerative  operating  conditions 

*  No  degradation  in  baseline  combustor  durability  and  performance. 
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The  program  was  separated  into  three  tasks: 

*  Task  1  -  Problem  Definition 

*  Task  2  -  Concept  Analysis  and  Selection 

*  Task  3  -  Test 

Task  1  was  to  (1)  select  a  representative  LOH  duty  cycle (2)  de¬ 
fine  the  corresponding  combustor  operating  conditions,  and  (3)  assess 
the  emission  problem  for  the  selected  LOH  duty  cycle. 

Task  2  was  to  analyse  and  select  low-emission,  gas  turbine  engine 
combustor  concepts.  Three  approaches  to  be  used  in  this  study  task 
were  (1)  emission  reaction  kinetic  model  predictions,  (2)  empirical 
emission  correlation  predictions,  and  (3)  survey  of  previously  pub¬ 
lished  literature  on  experimental  emissions  performance  of  potential 
low* emission  combustors. 

Task  3  was  to  obtain  experimental  emission  and  combustor  performance 
data  in  a  combustor  test  rig  which  simulated  the  T63-A-SA  engine 
combustor  flow  path.  Task  3  was  to  be  conducted  in  four  phases: 

*  Installation  and  check-out  of  T63-A-SA  combustor  test  rig  in 
the  Detroit  Diesel  Allison  Combustion  Research  Laboratory. 

*  Baseline  T63  non  regenera  tive  and  regenerative  combustor 
experiments  to  establish  the  baseline  emission  indices  and  to 
determine  the  correlation  between  combustor  rig  and  available 
engine  emission  data. 

*  Experimental  evaluation  of  preliminary,  potential  low-amission 
combustors,  each  incorporating  one  or  more  of  the  selected 
low •emission  concepts. 

*  Experimental  evaluation  of  final  low-emission  combustors. 

The  work  conducted  in  each  of  the  tasks  is  discussed  in  the  follow¬ 
ing  sections,  and  additional  information  on  Task  3  is  provided  in 
Appendixes  I  through  IV. 


The  purpose  of  the  Task  1  activity  was  to  establish,  early  in  the 
program,  those  items  necessary  for  the  analysis  and  testing  and 
also  to  compute  and  analyze  the  emissions  from  the  baseline  engine 
combustor.  This  phase  of  the  program  had  three  objectives: 

1.  Establish  a  computer  model  to  calculate  mass  emissions  (CO, 
CgHy,  N0X,  and  particulates)  for  a  typical  LOH  duty  cycle. 

2.  Calculate  baseline,  total  mass  emissions  and  specific  mass 
emissions  (CO,  C  H  ,  NO  ,  and  particulates)  for  the  LOH  duty 
cycle  using  available  DuA  T63  emissions  data. 

3.  Assess  the  relative  importance  of  engine  power  settings  and 
specific  emissions  on  the  total  mass  emissions  for  the  LOH 
duty  cycle. 

To  accomplish  these  objectives  five  sub tasks  were  conducted  in  the 
order  shown. 


1.  Define  a  typical  LOH  duty  cycle. 

2.  Define  the  combustor  operating  conditions  for  each  point  in 
the  LOH  duty  cycle. 

3.  Establish  an  emissions  index  computer  program  for  the  LOH  duty 
cycle. 

4.  Calculate  baseline  engine  emissions  for  both  nonregeneretlve 
and  regenerative  operation. 

5.  Conduct  the  duty  cycle  assessment  using  the  baseline  engine 

emissions. 

These  subtasks  will  be  discussed  in  the  succeeding  sections. 


Define  Army  LOH  Duty  Cycle 

The  duty  cycle  typical  of  the  U.  8.  Army's  operation  of  a  Light  Obser¬ 
vation  Helicopter  (LOH)  was  determined  from  the  study  of  various  duty 
cycles  established  for  a  variety  of  operational  missions  currently  in 
use.  The  first  of  three  duty  cycles  used  was  from  a  published  re¬ 
port  documenting  OH-6A  helicopters  operating  the  armed  combat  scout 
missions  flown  by  the  1st  Cavalry  Division  in  Vietnam*.  The  second 
duty  cycle  was  based  upon  a  typical  commercial  flight  and  was  ob¬ 
tained  from  Detroit  Diesel  Allison  Service  Department  studies  of 
actual  commercial  operations.2  The  third  duty  cycle  used  was  the 
duty  cycle  from  the  DDA  1000-Hour  Simulated  Flight  Endurance  (SFE) 


Test  Schedule,3  which  is  comprised  of  30  simulated  operational 
missions.  These  mission  profiles  were  obtained  from  the  LOH  Logisti¬ 
cal  Evaluation  Tests  made  at  Ft.  Rucker,  Alabama,  and  U.  S.  Army  data 
on  combat  missions. 

Each  of  these  duty  cycles  differs  In  the  length  of  flight  and  in  the 
percentage  of  time  in  the  cycle  spent  at  idle  and  high  power  levels. 
Army  flights  such  as  scout,  ferry,  command  control,  and  training  mis¬ 
sions  are  usually  one  or  more  hours  long  and  contain  considerable 
time  at  cruise  power.  Commercial  flights  are  normally  10  to  20  min¬ 
utes  long  and  have  a  much  higher  proportion  of  idle,  climb,  and  hover 
power  levels  required. 

It  was  concluded  that  the  probable  use  of  the  Army  LOH  aircraft  in 
the  United  States  would  be  a  compromise  between  the  military  missions 
and  flights  having  commercial  characteristics.  As  a  result  of  this 
conclusion,  a  combination  duty  cycle  was  evolved  which  was  a  mixture 
of  military  and  commercial  flight  profiles.  This  preliminary  duty 
cycle,  shown  in  Table  II,  was  further  refined  into  the  five-point 
composite  duty  cycle,  used  for  this  program,  shown  in  Table  III 
and  figure  1. 


|  TABLE  11.  PRELIMINARY  LOH  DUTY  CYCLE 

Cycle 

Point 

Mode 

Power 

M 

Weighting  Factor 

1 

Flltfit  Idle 

0 

.OS 

2 

Ground  Idle 

10 

.10 

3 

Takeoff 

100 

.05 

4 

Ciimb/Hover 

7S 

.30 

S 

Cruise 

SS 

.40 

6 

Descent 

40 

.10 

U.H 


o  u 

tH 

jj  ft«  H 


g*** 

a  *  r* 


as* 

ONN 
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Figure  1.  £w*po»  S03-A-&*  Army  LOH  Duty  Cycle 
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The  evaluation  of  total  combustor  emissions  was  baaed  upon  this  duty 
cycle  for  all  combustor  liners  tested  under  this  contract.  To  fill 
the  void  between  the  1QX  and  40%  power  points  in  the  duty  cycle,  a 
sixth  point  at  2S%  power  was  retained  for  testing  only.  This  2S% 
power  point  was  not  included  in  any  numerical  evaluation.*  of  combus¬ 
tor  emissions. 


The  engine  and  combustion  system  operating  conditions  imposed  by  the 
LOH  duty  cycle  were  based  upon  nctual  engine  test  results.* 

Combustor  operating  conditions  for  the  standard  T62-A-5A  non- 
regenerative  engine  were  defined  as  well  as  combustor  conditional  for 
a  T63  regenerative  engine.  These  combustor  conditions  are  presented 
in  TableslV  and  V  for  the  nonregeneratlve  T63-A-5A  and  for  the  re¬ 
generative  T63  engines  respectively. 

All  combustor  testing  performed  in  the  evaluation  of  combustor  liners 
was  conducted  at  these  six  nonregeneratlve  and  six  regenerative  con¬ 
ditions.  All  combustor  cad  salon  evaluations  were  performed  using 
only  five  of  the  duty  cycle  combustor  operating  conditions.  The  2S% 
power  emissions  were  not  used  In  the  calculation  of  total  combustor 
liner  emissions. 

The  evaluation  of  combustor  liner  emissions  was  based  upon  the  calcu¬ 
lation  of  an  omission  index  (El),  which  is  defined  as  the  mass  of 
emissions  (lb)  per  thousand  meet  unite  (1000  lb)  of  fuel  over  e  de¬ 
fined  duty  cycle.  For  the  investigation  of  loir* emission  combustors, 
the  duty  cycle  used  wee  the  LOR  duty  cycle  defined  in  Table  XIX,  end 
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the  combustor  operating  conditions  corresponding  to  steady-state 
cycle  points  in  this  duty  cycle  were  those  defined  in  Tables  IV  and 
V  for  the  nonregenerative  and  regenerative  T63  engines  - 

A  computer  program?  for  the  IBM  1130  computer  was  written  which  ac¬ 
cepted  the  LOH  duty  cycle  and  the  corresponding  combos tor  operating 
conditions  along  with  combustor  emissions  measured  at  those  combustor 
conditions,  and  computed  emission  index  values,  emission  rates,  and 
the  mass  of  emissions  produced. 

The  computer  sequence  of  calculations  began  by  computing  an  emission 
rate  for  each  pollutant  type  from  the  measured  concentrations:  ppm 
for  CO,  CgHy,  NO,  NO?,  and  NO*,  and  gm/min  or  smoke  number  (smoke 
index)  for  particulates.  Once  the  emission  rates  were  obtained  in 
consistent  units  (lb/min),  the  weight  of  all  emission  constituents 
and  the  emission  Indices  were  computed  for  each  duty  cycle  point. 

The  constituent  emission  weights  were  summed  over  the  duty  cycle, pro¬ 
viding  the  total  emission  mass  produced,  the  average  mass  generation 
rate,  and  the  average  emission  index  for  the  constituent  emissions 
separately  tmd  totally. 

Because  the  emission  concentrations  were  measured  in  different  sys¬ 
tems  of  units,  three  different  equations  were  used  to  compute  the 
rates  of  emission  generation,  for  concentrations  measured  in  parts 
per  million  (ppm),  the  following  equation  was  used  to  compute  thr 
generation  rate: 


where  Rp  *  emission  generation  rate,  lb/min 

Cp  ■  emission  exhaust  concentration,  ppm 
w  *  exhaust  miss  flow,  lb/min 

m 

Mp  *  emission  molecular  weight,  lVlb-mole 

Mc  »  exhaust  molecular  weight,  Ib/lb-mole 

Emission  concentrations  for  carbon  monoxide  (CO),  hydrocarbons 
(CxHy),  and  nitrogen  oxides  (NO,  NO2,  and  N0X)  were  all  measured 
in  ppm. 

Mass  particulate  concentre t ions  in  the  exhaust  were  reported  as 
smoke  number  sod  were  determined  using  the  Aerospace  Recommended 
Practice  (ARP)  1179  as  determined  by  the  £AE  in  1970.  The  numerical 
conversion  from  smoke  number  to  true  smoke  density  was  accomplished 
by  utilising  a  correlation  developed  by  Stanforth  and  reported  by 
Champagne."  The  semi  logarithmic  cure  reported  by  Champagne  was 
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fitted  with  the  following  numerical  relationship: 
do  ■  “la  e*P (K1 bs*0  [1  -  exp  (  -Kj  SH)] 

♦  Kj,  exp  [-  X3b  (SN  -  K3c)2]  (2) 

where  d  *  true  smoke  density,  mg/standard  cubic  meter 
8 

SH  «  smoke  number  (ARP  1179  Procedure) 

*1*  -  0.8 
Klb  »  0.057565 
-  0.1335 

4. 

K3a  *  0.0942 
K3l)  «  0.005 
K3c  -  275 

Stanforth  concluded  that  because  the  filtration  typo  smoke  measuring 
system  was  insensitive  to  large  particle  sites  (above  l-micr©.i)» 
which  may  comprise  as  much  at  S0K  of  the  total  carbon  bv  weight,  the 


true  smoke  density  may  bt  anywhere  from  the  value  computed  in  Equa-  \ 

tion  (2)  to  100  percent  greater  for  a  given  value  of  smoke  number.  f 

Therefcre, for  this  contract  the  generation  rata  for  particulates  was  | 
basad  or  a  true  smoke  density  twice  the  Value  computed  in  Equation 
(2).  Tha  generation  rate  equation  used  was  then  i 

f 


where  R^  *  emission  genaration  rate,  lb/min 

W  »  exhauat  mast  flow,  lb/min 
e 

ds  *  smoke  density,  ng/atandard  cubic  am  ter 
d#  “  exhaust  density,  «g/*tandard  cubic  meter 

Mass  particulate  concentrations  from  baseline  nonregene rat J vt*  end 
regenerative  T63  engines  were  expressed  as  generation  rates  in  grama/ 
minute,  this  system  required  only  a  simple  change  in  units  from  grama 
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to  pounds,  and  the  required  units  were  obtained  for  the  emission  gen¬ 
eration  rate. 

In  all  emission  calculations  based  on  the  approved  LOH  duty  cycle,  the 
exhaust  mass  flow  was  assumed  to  be  equal  to  the  combustor  inlet  mass 
flow  of  compressor  discharge  air.  The  mass  of  fuel  was  not  included 
in  the  exhaust  mass  flow.  Since  the  fuel  flow  was  only  IX  -  2%  of 
the  inlet  airflow,  emission  comparisons  were  practically  unaffected 
even  though  the  absolute  magnitudes  used  in  the  comparisons  were 
slightly  low. 

Once  the  emission  generation  rates  were  computed  for  each  emission 
constituent  at  each  duty  cycle  point,  the  mass  of  each  constituent  at 
each  cycle  point  was  easily  computed  (the  rate  times  the  time),  end 
the  emissions  indices  were  computed.  The  emission  index  (El)  equa¬ 
tion  used  was: 


El 


1000  R 


W, 


(4) 


where  El  “  emission  index,  lb  pollutant/1000  lb  fuel 

R  =  emission  generation  rate,  lb  pollutani/min 
P 

Wj  *  fuel  flow  rate,  lb  fuel/min 
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The  average  duty  cycle  emission  index  for  each  pollutant  was  com-  j 

puted  based  on  the  total  mass  of  that  pollutant  generated  over  the  | 

duty  cycle  and  the  total  mass  of  fuel  used.  The  total  emission  in-  j 

dex  was  then  the  sum  of  the  constituent  emission  indices.  j 

Calculate  Baseline  Emissions 

The  baseline  T63  no nre generative  and  regenerative  engine  emissions 

were  available  from  test  data  previously  measured  on  these  engines 

and  documented  in  a  DDA  internal  report.  From  curves  of  emissions  • 

as  a  function  of  shaft  horsepower,  the  baseline  emissions  were  ob-  j 

tained  for  each  of  the  power  levels  defined  by  the  LOH  duty  cycle.  s 

The  engine  emissions  for  the  nonregenerative  T63-A-5A  engine  and  for 

the  regenerative  T63  engine  are  shown  in  Table  VI  and  Table  VII. 

Hydrocarbon  concentrations  are  given  in  parts/million  of  propane 
(C3Hg,  molecular  weight  44),  and  total  nitrogen  oxides  (MO*)  are  given 
in  parts/million  of  nitrogen  dioxide  (NOg,  molecular  weight  46). 

Applying  the  baseline  engine  emissions  to  the  emission  index  com¬ 
puter  calculation  for  the  LOH  duty  cycle,  the  baseline  engine  emis¬ 
sion  index  values  were  computed  for  both  the  nonregenerative  and 
regenerative  T63  engines,  /he  computer  results  of  these  calculations 
are  presented  in  Table  VIII  and  Table  IX.  From  the  baseline  engine 
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TABLE  VI .  BASELINE  N0NRE3ENERATIVE  T63-A-SA  ENGINE  EMISSIONS 


ycle 

oint  Mode 


Engine  Power 
(hp) 


Engine  Exhaust  Emissions 
r  „  '  Partial- 

CO  C3H8  NOx  lates 

(ppm)  (ppm)  (ppm)  (gm/min) 


Ground  Idle 

33.5 

10 

1100 

133 

10 

.300 

!  Takeoff 

335.0 

100 

160 

3 

82 

1.196 

i  Climfc/Hover 

251.0 

75 

220 

6 

54 

.804 

Cruise 

184.0 

55 

320 

11 

36 

.588 

i  Descent 

134.0 

40 

470 

22 

22 

.471 

TABLE  VII. 


BASELINE  REGENERATIVE  T63  ENGINE  EMISSIONS 


_ Engine  Exhaust  E 


;ycle 

Point  Mode 


Engine  Power  Level 
(hp)  (X) 


..  .yiaLBa^aflass  .waaigns 
c  H  NO  Particu- 
CO  ao  NOx  lates 
(ppm)  (ppm)  (ppm)  (gm/min) 


Ground  Idle 

28.0 

10 

330 

60 

28 

.125 

!  Takeoff 

280.0 

100 

50 

3 

98 

.309 

1  Climb/ Hover 

210.0 

75 

75 

6 

79 

.272 

^  Cruise 

154.0 

55 

100 

10 

64 

.240 

>  Descent 

112.  U 

40 

120 

15 

52 

.200 

TABLE  VIII.  BASELIKE  T63  NONREGENERATIVE  ENGINE 

EMISSIONS  INDEX  VALUES 

GAS  TURBINE  ENGINE  -  OUTY  CYCLE  EMISSIONS 

BASELINE 

NONREGENERATIVE  T63-A 

-5A  ENGINE  EMISSIONS  -  LOH  MISSION  30 

SEPT  1971 

[***«  input  data  ***** 

CYCLE 

ENGINE  POWER  LEVEL 

CYCLE  POINT  TIME 

AIR  FLOW  FUEL  FLOW 

FUEL/AIR 

POINT 

HP 

PERCENT 

MIN 

PERCENT 

LB/SEC 

LB/HR 

RATIO 

1 

33*30 

10.00 

9.00 

15.00 

1.87 

73.70 

0*01094 

2 

335*00 

100.00 

3.00 

5.00 

3.22 

229.50 

0.01979 

3 

251*00 

75.00 

12.00 

20.00 

2.98 

178,50 

0.01663 

4 

184.00 

55.00 

27.00 

45.00 

2.75 

143.50 

0.01449 

5 

134.00 

40.00 

9.00 

15.00 

2.53 

119.00 

0.01306 

60.00 

100.00 

140.65 

LB 

CYCLE 

*  *  *  EMISSION  CONCENTRATIONS  BY  TYPE 

*  »  • 

POINT 

C3H8-PPM 

CO-PPM 

NO-PPM 

N02-PPM 

NOX-PPM 

PAR1-G/M 

PAR2-  SN 

1 

133*00 

1100.00 

0.00 

0.00 

10,00 

0.300000 

0.00 

2 

3*00 

160.00 

0.00 

0.00 

82.00 

1.196000 

0.00 

3 

6.00 

220.00 

0.00 

0.00 

54,00 

0.804000 

0.00 

4 

11*00 

320.00 

0.00 

0.00 

36.00 

0.588000 

0.00 

5 

22.00 

470.00 

0.00 

0.00 

22.00 

0.471000 

0.00 

MOL  WT  ■ 

44*00 

28.00 

46.00 

46.00 

46.00 

***»  OUTPUT  DATA 

***** 

CYCLE 

*  *  *  EMISSIONS  INOEX  BY  TYPE  -  LB/1000  LB  FUEL 

#  *  * 

POINT 

C3H8 

CO 

NO 

NO  2 

NOX 

PARI 

PAR2 

1 

18.496 

97.348 

0.000 

0.000 

1.453 

0.537 

0.000 

2 

0.230 

7.829 

0.000 

0,000 

6.592 

0.688 

0.000 

3 

0.549 

12.810 

0.000 

0.000 

5.165 

0.595 

0.000 

4 

1.155 

21.389 

0.000 

0.000 

3.953 

0.541 

0.000 

5 

2.563 

34.852 

0.000 

0.000 

2.680 

0.523 

0.000 

CYCLE  ■ 

2.467 

25.784 

0.000 

0.000 

4.118 

0.564 

0.000 

TOTAL  OF  ALL 

EMISSION 

TYPES  FOR 

ALL  CYCLE 

POINTS  » 

32,934 

CYCLE 

*  *  * 

EMISSION  WEIGHTS  BY  TYPE  -  LB  * 

*  # 

POINT 

C3H8 

CO 

NO 

NO  2 

NOX 

PARI 

PART 

I 

0.20447 

1.07618 

0.00000 

0,00000 

0.01607 

0.00594 

o.coooo 

2 

0.00264 

0.08984 

0.00000 

0.00000 

0.07564 

0.00790 

0.00000 

3 

0.01959 

0.45733 

0.00000 

0,00000 

0.18441 

O.C2125 

0.00000 

4 

0.07460 

1.38120 

0.00000 

0.00000 

0.25527 

0.03496 

0.00001 

5 

0.04576 

0.62211 

0.00000 

0,00000 

0.04784 

0.00933 

0.00000 

TOTAL  ■ 

0.34709 

3*62668 

0.00000 

0.00000 

0.57925 

0.07940 

0.00003 

TOTAL  OF  ALL 

EMISSION 

TYPES  FOR 

ALL  CYCLE 

POINTS  ■ 

4,63244 

CYCLE 

*  *  * 

EMISSION  RATES  BY  TYPE 

-  -  LB/MIN  *  *  * 

POINT 

C3H8 

CO 

NO 

NO  2 

.  NOX 

PARI 

PAR2 

1 

0.02271 

0.11957 

0.00000 

0,00000 

o.o dlls 

0.00066 

0.00000 

2 

0.00088 

0.02994 

0.00000 

0.00000 

0.02521 

0.00263 

0.00000 

3 

0.00163 

0.03811 

0.00000 

0.00000 

0.01536 

0.00177 

0.00000 

4 

0.00276 

P.05115 

0.00000 

0.00200 

0*00945 

0.00129 

0.00000 

5 

0.00508 

0.06912 

0.00000 

0.00000 

0.00531 

0*00103 

0,00000 

CYCLE  • 

0.00578 

0.06044 

0.00000 

0.00000 

0.00965 

00 132 

o.ooooo 

TOTAL  OF  ALL 

EMISSION 

TYPES  FOR 

ALL  CYCLE 

POINTS  ■ 

0.0V720 

TABLE  IX. 

BASELINE  T63  REGENERATIVE  ENGINE 

EMISSIONS  INDEX 

VALUES 

GAS  TURBINE  ENGINt 

-  DUTY  CYCLE  EMISSIONS 

-ASEL I \E  Rt GENERAT I 

Vii  T  6  3— A—5  A 

engine  EMISSIONS  - 

LOli  mission  30 

SEPT  1971 

I  ; '*  *  1 \°U 

-  DATA  ***** 

CVCLt 

ENGINE  nCWLR  LEVEL 

CYCLE  =01 

•NT  TIME 

AIR  FLOW  FUEL  FLOW 

FUEL/AIR 

=?!\7 

HP 

PERCENT 

Vl\ 

PERCENT 

LB/SEC 

LB/HR 

RATIO 

1 

28. OC 

10.00 

5.00 

15.00 

1.76 

51.00 

0.00804 

2 

280. CO 

100.00 

3.00 

5.00 

3.04 

154.00 

0.01407 

3 

210.00 

75.00 

12.00 

20. OC 

2.81 

.122.00 

0.01206 

4 

15 a. 00 

55.00 

27.00 

45.00 

2.62 

101.00 

0.0107? 

5 

112.00 

40  •  00 

9.00 

15. CO 

2.46 

83.00 

0.00927 

60.00 

100.00 

97.64 

Lo 

C  VC  LE 

*  *  *  £ 

vi SSI  ON  CONCENTRATIONS 

BY  TYPE 

*  4  * 

=  01  NT 

Q DM 

CO-PP.v 

NO— PPM 

NC2-PPM 

NO X- PPM 

PAR  1-G  A'-' 

PAK2-  SN 

1 

£-0.00 

330.00 

0.00 

0. 00 

28.00 

0 • 125  OOC 

O.OC 

2 

3.0C 

50.00 

0 .00 

0.00 

98. CO 

0.3 09 LOO 

G  .  OC 

•a 

6.00 

75.00 

o.co 

C.OP 

79.00 

0.272000 

0  .OC 

4 

10.00 

100.00 

0.00 

o.co 

64.00 

0. 240000 

O.OC 

5 

15.00- 

120.00 

0 . 00 

0.00 

52.00 

0.2  coc.ro 

"«L? 

'■'0L  v.  T  * 

44 . 00 

28.00 

46.00 

46.0  0 

46.00 

****  CUT»UT  DATA 

***** 

CYCLE 

»  *  *  EMISSIONS  INDEX  BY  T  Y=E  -  LG/1000  LB  FUEL 

*  *  S 

POINT 

C3’'8 

CO 

NO 

NO  2 

NOX 

n  A  R 1 

PAR2 

1 

11. 3hR 

39.720 

C.000 

0.000 

5.536 

0.323 

0.000 

2 

0.324 

3.442 

G.OCO 

O.OCO 

11.085 

0.265 

o.cor; 

3 

0.757 

6.025 

0.000 

0.000 

10.426 

0.294 

O.OC' 

4 

1.421 

9.047 

o.oco 

0.000 

9.513 

0.314 

c  •  occ 

5 

2.436 

12.405 

0  «  OC 0 

0.000 

8.831 

0.318 

0.000 

CYCLE  = 

2.076 

10.681 

0.000 

o.ooc 

9.466 

0.  306 

o.co? 

TOTAL  OF  ALL 

EMISSION 

TYPES  FOR 

ALL  CYCLE 

POINTS  = 

22.631 

CYCLE 

*  *  * 

MISSION  WEIGHTS  BY  TYPE  -  LO  * 

*  * 

POINT 

C3HP 

CO 

NO 

NO  2 

'  OX 

PAR] 

PAR? 

1 

0.08681 

0.30386 

0.00000 

0.00000 

0.04235 

0.0G247 

0.90009 

2 

0.00249 

0.02650 

0*00000 

0.000 OC 

0.08535 

0.00204 

0.09C0” 

3 

0. 01348 

0,14701 

C. 00000 

o.ococo 

0,25440 

0.0071  b 

O.CGOP? 

A 

0.06462 

0.4H22 

0.0000" 

o.ooonc 

0.43237 

0.01427 

0,09 COO 

5 

0.03033 

0.15444 

0,00000 

i  QCO^v 

0.10994 

0.00396 

o.oooo? 

total  * 

0.20275 

1.04305 

0,00000 

0,00000 

0.92443 

0.02994 

0.00000 

TOTAL  OF  ALL 

EMISSION 

TYPES  FOR 

ALL  CYCLE 

POINTS  * 

2.20019 

CYCLE 

*  *  # 

emission  rates  by  Type 

-  -  LI?  AM  IN  *  *  * 

POI  NT 

C3H8 

CO 

NO 

NO  2 

NOX 

PARI 

3  A  K  2 

1 

0.00964 

0.03376 

0.00000 

o.ococo 

0.00470 

0.00027 

0.00000 

2 

0.00083 

0.00883 

0.00000 

0.00000 

0.02845 

0.00068 

0.00000 

3 

0.00154 

0.01225 

0.00000 

0.00000 

0.02120 

0.00059 

0.00090 

u 

0.00239 

0.01523 

0.00000 

0.00000 

0.01601 

C. 00052 

c. 00000 

5 

0.00337 

0,01716 

0.00000 

0.00000 

9.01221 

0.00044 

c. 09000 

CYCLE  « 

•  C. 00337 

0.01738 

0.00000 

o.occcc 

0.01540 

0.00049 

o.oocoo 

TOTAL  OF  ALL 

EMISSION 

TYPES  FOR 

ALL  CYCLE 

POINTS  * 

0.03666 
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emissions,  the  total  emission  index  for  the  nonregenera tive  T63-A-5A 
engine  was  32.934  lb  emission  /1000  lb  fuel  over  the  LOH  duty  cycle. 
For  the  regenerative  T63  engine  the  total  emission  index  was  22.S31 
lb  emission  /1000  lb  fuel. 

The  contract  objective  of  a  50%  minimum  reduction  in  total  emissions 
required  the  final  combustor (s)  to  produce  no  more  than  16.5  lb 
emission  /1300  lb  fuel  when  tested  at  the  nonregenerative  combustor 
conditions  of  the  LOH  duty  cycle. 

Duty  Cycle  Assessments 

An  assessment  was  made  of  the  baseline  T63  emission  data  for  the 
approved  LCH  mission  duty  cycle.  These  baseline  data  are  pre¬ 
sented  in  Tables  VI  and  VII  for  the  nonregenerative  and  the 
regenerative  T63  engines  respectively.  The  approach  used  was  to 
quantify  the  percentage  contribution  to  total  emissions  from  each 
emission  type  at  each  cycle  point.  Conclusions  could  then  be  drawn 
toward  identifying  the  most  promising  areas  for  concentration  of 
effort  to  reduce  the  total  emission  level. 

The  evaluation  to  Identify  the  major  contributors  to  the  total 
emissions  was  dependent  on  the  chosen  duty  cycle,  the  pollutant 
concentrations,  and  the  airflow.  The  baseline  T63  engine  emis¬ 
sion  data  over  the  approved  LOH  duty  cycle,  were  analyzed  by  de¬ 

termining  the  mass  of  emission  produced  by  each  pollution  constitu¬ 
ent  for  each  portion  of  the  duty  cycle.  These  individual  values  were 
then  summed  three  ways:  by  constituent  for  the  entire  cycle,  by  duty 
cycle  point  for  all  constituents,  and  by  all  constituents  for  the 

entire  duty  cycle.  These  results  for  the  nonregenerative  and  the 

regenerative  T63  baseline  engines  are  shown  in  Tables  X  and  XI. 

For  each  pollutant  at  each  LOH  duty  cycle  point,  the  exhaust  concen¬ 
tration  and  the  percentage  contribution  to  the  total  duty  cycle  mass 
emission  are  given.  The  ’’cycle  point  total"  column  shows  the  contri¬ 
bution  in  percent  to  total  emission  supplied  at  each  duty  cycle 
point.  The  "cycle  total"  row  at  the  bottom  of  the  table  shows  the 
total  duty  cycle  contribution  of  each  constituent  to  the  emission 
total. 

Analysis  of  the  data  presented  in  Tables  X  and  XI  shows  the 
critical  areas  where  effort  must  be  concentrated  to  reduce  the  level 
of  total  emissions.  The  following  are  the  important  conclusions 
drawn  from  the  data  in  Table  X  concerning  the  nonregenerative 
engine  emissions. 

1.  Because  of  its  high  concentrations,  carbon  monoxide  is  the 
largest  constituent  contributor  of  mass  emissions,  producing 
78.3%  of  the  total.  To  obtain  the  50%  minimum  reduction  in 
total  emissions,  carbon  monoxide  must  be  significantly  reduced. 


TABLE  X.  NONREGENERATIVE  T63-A-SA 

ENGINE  BASELINE  EMISSIONS  PERCENT 
CONTRIBUTIOK  TO  EMISSION  TOTAL 


CYCLE 

WEIGHTING 

C3«8 

CO 

NO 

X 

PARTICULATES 

CYCLE 

POINT 

TOTAL 

POINT 

FACTOR 

(PPm) 

(X) 

(PPm)  W 

(PPm) 

00 

(gm/mln) 

00 

00 

.15 

133. 

4.4 

1100.  23.2 

10. 

.3 

.300 

.1 

28.1 

2 

.05 

3. 

.1 

160.  1.9 

82. 

1.6 

1.196 

.2 

3.8 

3 

.20 

6. 

-4 

220.  9.9 

54. 

4.0 

.804 

.5 

14.7 

.45 

11. 

1.6 

320.  29.8 

36. 

5.5 

.588 

.8 

37.7 

.15 

22. 

1.0 

470.  13.4 

22 

1.0 

.471 

.2 

15.7 

CYCLE 

TOTAL 

1.00 

23.85 

7.5 

391.70  78.3 

38.08 

12.5 

.600 

1.7 

100.0 

TABLE  XI.  REGENERATIVE  T63-A-SA  ENGINE 
3ASELINE  EMISSIONS  PERCENT 
CONTRIBUTION  TO  EMISSION  TOTAL 


CYCLE  WEIGHTING 

POINT  FACTOR  (ppm)  (ppm)  (X)  (PP"0  (*) 


CYCLE 

PARTICULATES  POINT 

TOTAL 

(gm/mln)  (X)  (%) 


.15 

60. 

3.9 

330. 

13.9 

28. 

1.9 

.125 

.1 

19.8 

!  .5 

3. 

.1 

50. 

1.2 

98. 

3.9 

.309 

.1 

5.3 

I  .2(1 

6. 

.8 

75. 

6.7 

79. 

11.6 

.272 

.3 

19.4 

1  .45 

10. 

2.9 

100. 

18.7 

64. 

19.7 

.240 

.6 

41.9 

»  .15 

15. 

1.4 

120. 

7.0 

52. 

5.0 

.200 

.2 

13.6 
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2.  Because  of  their  relatively  small  contribution  to  the  total 
emissions,  care  must  be  taken  to  insure  that  the  remaining 
constituents  do  not  increase  above  baseline  levels. 

3.  Cycle  point  4  (55%  power)  is  the  major  emission  contributor, 
due  mainly  to  its  high  weighting  factor  of  0.45. 

4.  Since  carbon  monoxide  and  hydrocarbons  have  such  high  concen¬ 
trations  at  cycle  point  1  (10%  power),  this  cycle  point  ranks 
a  close  second  in  the  magnitude  of  emissions  produced,  with 
28.1%  of  the  total.  The  overriding  influence  of  carbon 
monoxide  is  clearly  seen  here. 

It  therefore  appears  that  the  greatest  reduction  in  total  emissions 
could  be  made  by  concentrating  on  carbon  monoxide.  Decreasing  the 
concentrations  of  hydrocarbons,  oxides  of  nitrogen,  and  particulates 

is  important,  but  it  would  have  only  secondary  effects  on  the  total 
emission  index. 

The  important  conclusions  drawn  from  the  figures  in  Table  XI  con¬ 
cerning  the  regenerative  engine  emissions  are  as  follows: 


1.  For  the  regenerative  engine, the  major  constituent  contributors 
are  carbon  monoxide,  47.4%,  and  nitrogen  oxides,  42.0%. 

To  significantly  reduce  the  total  emissions  in  the  regenera¬ 
tive  engine,  a  definite  advancement  in  technology  is  required 
to  lower  the  production  of  CO  and  N0X  simultaneously. 

2.  Because  of  its  0.45  weighting  factor,  cycle  point  4(55%  power), 
is  the  major  cycle  point  contributor  of  emissions.  Cycle 
point  1  (10%  power),  and  cycle  point  3  (75%  power),  contribute 
nearly  identical  amounts  of  emissions,  and  together  they  pro¬ 
duce  nearly  as  much  as  cycle  point  4. 

It  is  apparent  that  reductions  in  emissions  in  this  regenerative 
engine  can  be  realized  only  if  all  constituent  emissions  are  lowered 
at  all  operating  conditions. 

Calculations  were  made  to  assess  the  effect  of  variable  combustor 
geometry  for  reducing  the  El  using  T63  baseline  emissions  data. 

The  approach  taken  was  to  assume  that  variable  geometry  could  main¬ 
tain  any  cycle  point  emission  concentration  constant  at  all  combustor 
operating  conditions.  Using  this  approach  and  the  baseline  emission 
concentrations,  each  cycle  point  concentration  was  held  constant  over 
the  entire  duty  cycle.  The  resulting  El  values  for  both  nonregener- 
ative  and  regenerative  emission  baselines  are  given  in  Tables  XII  and 
XIII.  Summing  the  El's  of  the  four  emission  constituents  produced 
the  total  pollutant  El  levels  shown  in  the  right-hand  column.  These 
would  be  the  El  levels  if  the  combustor  operated  over  the  entire 
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TAKE  XII.  EFFECT  Of  CCNSTANT  MISSION  CCNCENTSATION  AT  CYCLE  POINTS  OVEN  TOTAL 
CYCLE  FON  NCNNEGENEKATIVE  T6J-A-SA  BASELINE  ENGINE  BUSSIONS 


HP 

C3"8 

CO 

PARTICULATES 

TOTAL 

POLLUTANT 

POINT 

(39 

(PP*0 

El 

(PI») 

El 

(PP") 

El 

(phalli) 

El 

El 

1 

10 

133. 

13.76 

1100. 

72.41 

10. 

1.08 

.300 

.28 

87.53 

2 

100 

3. 

.31 

160. 

10.53 

82. 

8.87 

1.196 

1.12 

20.83 

3 

75 

6. 

.62 

220. 

14.4$ 

54. 

S.84 

.804 

.76 

21.70 

4 

55 

11. 

1.41 

320- 

21.06 

36. 

3.89 

.588 

.55 

26.64 

s 

40 

22. 

2.2$ 

470. 

30.94 

22. 

2.38 

.471 

.44 

36.04 

TOTAL 

CYCLE 

52 

23. S 

2.47 

391.7 

25.78 

38.1 

4.12 

.600 

.56 

32.93 

TABU  XIII.  EFFECT  OF  CONSTANT  EMISSION  CUNCENTBATIQN  AT  CTCU  MINTS  OVEB  TOTAL 
CTCU  FC’  RECINF NATIVE  TSJ-A-SA  BASELINE  ENGINE  MISSIONS 


C|Mg 

TOTAL 

CYCLE 

HI* 

CO 

PARTICULATES 

Ft •'  LUTANT 

POINT 

(J9 

(PPa)  El 

(PP-)  El 

(ppw)  Cl 

(Mtr'ain)  El 

El 

.6  2.0 


cycle  at  the  pollution  concentrations  of  the  given  cycle  points. 

The  baseline  El  totals  are  32.93  for  the  nonregenerative  engine, 
and  22. S3  for  the  regenerative  engine.  These  results  are  shown  graphically 
in  Figure  2. 

The  last  line  on  Tables  XII  and  XIII  gives  the  baseline  El  for  each 
emission  type.  The  concentration  given  is  the  average  concentra¬ 
tion  which,  if  held  constant  over  the  LOH  cycle  profile,  would 
result  in  the  baseline  El  for  that  emission  type. 

It  is  apparent  that  variable  geometry  would  help  reduce  emissions, 
especially  for  the  nonregenerative  combustor,  but  for  no  cycle 
point  condition  would  the  50X  reduction  goal  be  achieved. 


Total  Emission  Index  -  Lb  Emission  /1000  Lb  Fuel 


Figure  2, 


Percent  Output  Horsepower 

T63-A-SA  Engine  Eads* Ions  InJex 
Variable-Geometry  Coaibustor  Assessment* 
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The  purpose  of  this  contract  was  to  apply  concepts,  previously 
shown  to  be  basically  feasible,  to  an  aircraft  gas  turbine  combustor 
and  to  evaluate  these  concepts  by  tests  which  culminate  in  demon¬ 
stration  of  a  combustor  having  aignificantly  reduced  emissions  of 
CO,  CvHy,  N0X,  and  particulates.  Specifically,  emission  abatement 
techniques  were  to  be  incorporated  into  a  Detroit  Diesel  Allison 
T63-A-SA  combustor  which,  when  evaluated  over  an  approved  Light 
Observation  Helicopter  (LOK)  duty  cycle,  uould  demonstrate  a  minimum 
total  mass  emission  reduction  of  5QK,  with  no  increase  in  con¬ 
stituent  emissions. 

To  provide  directions  for  achieving  the  contract  goal  of  emission 
abatement.  Task  2,  Concept  Analysis  and  Selection,  was  devised  for 
the  purpose  of  analyzing  potential  emission  reduction  concepts  and* 
selecting  the  most  promising  for  fabrication  and  experimental  test. 
The  approaches  used  in  analysis  of  emission  abatement  concepts 
were  threefold  in  nature: 

*  Reaction  Kinetics  Predictions. 

*  Empirical  Correlation  Predictions. 

*  Combustor  Emission  Test  Data. 

These  approaches  were  applied  where  possible  toward  evaluating  a 
variety  of  potential  emiaslon  abatement  concepts  which  have  demon¬ 
strated  reductions  in  gas  turbine  engines.  A  general  listing  of 
these  potential  concepts  is  as  follows: 

*  Lean  primary  tone. 

*  Rich  primary  sons* 

*  Early  quench. 

*  Hater  injection. 

*  Cold  primary  sons  air  injection. 

*  Staged  fuel  injection. 

*  Variable  geometry. 

*  Heat  rejection  from  primary  zone. 

*  8wlrl  primary  tone. 

*  Premix  and  vaporiser  fuel  injectors. 
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*  Massive  primary  zone  recirculation. 

*  Reverse  flow  primary  zone. 

*  Different  combustor  volume. 

0  Hug  flow. 

The  purpose  of  this  section  is  to  state  the  conclusions  reached 
as  a  result  of  the  Task  2  studies  along  with  the  combustor  concepts 
recommended  for  fabrication  and  experimental  testing  in  Task  3  of 
this  contract.  Reported  first  are  the  detailed  results  of  the 
approaches  used  in  the  evaluation  cf  the  potential  concept’s  along 
with  the  compilation  of  these  results  and  the  ensuing  decisions 
culminating  in  selection  of  the  preliminary  combustor  concepts. 

The  emission  abatement  concepts  investigated  ern  be  grouped  into 
three  areas*  depending  upon  the  portion  of  the  combustor  that  la 
modified  by  the  concept.  These  areas  tre  the  fuel  injector*  the 
primary  zone*  and  the  primary-dilution  zone.  The  potential  combus¬ 
tor  concepts  investigated  in  Task  2  were  the  followir«; 

*  fuel  Injector 

Air  Blast/Air  Assist 
Premix  and  Vaporizer 
Staged 

*  Primary  Zone 

Lean 

Rich 

Variable  Geometry 
Early  Quench 
Reverse  Flow 
Massive  Recirculation 
8wirl 

Meat  Rejection 
Mater  Injection 
Cold  Air  Injection 


*  Primary  Dilution  Zone 
Increased  Length 
Double  Combustor  Volumes 
Rapid  Plug  Flow 

The  approaches  used  in  the  analysis  and  selection  of  the  concepts 
in  Task  2  were  threefold:  reaction  kinetics  predictions,  empirical 
correlation  predictions,  and  the  published  results  of  experimental 
tests.  The  analyses  and  results  from  these  approaches  will  be  pre¬ 
sented  along  with  a  summary  which  will  enumerate  the  decisions  made 
concerning  each  combustor  considered. 

An  analytical  computer  program  *^o  predict  carbon  monoxide,  un¬ 
burned  hydrocarbon,  nitric  oxide,  and  nitrogen  dioxide  emissions 
in  a  gas  turbine  combustor  is  being  developed  in  the  Combustion 
Research  Section  at  DDA.  The  accomplishments  to  date  have  re¬ 
sulted  in  a  finite-rate  hydrocarbon  combustion  reaeti  •  mechanism 
11  12 

model.  *  This  part  of  the  computer  program  is  operational  and 
can  be  used  to  predict  emission  trends  as  a  function  of  fuel-air 
ratio,  inlet  temperature,  pressure,  and  volume  (residence  time). 

The  reaction  mechanism  combines  a  global  rate  equation  for  the 
breakdown  of  hydrocarbon*  to  carbon  monoxide  and  hydrogen  with 
finite-rate  equations  for  the  combustion  of  carbon  monoxide  and 
hydrogen  and  the  formation  of  nitrogen  oxides.  Fifteen  species 
are  included:  C  M  (hydrocarbon  ftiel),  Ar,  CO,  C02,  H,  H2,  H,0, 

H,  M2,  MO,  N02.  MjO,  0,  02,  and  OH. 

A  flow  model  for  the  macroscopic  combustion  process,  the  perfectly 
stirred  reactor  model,  was  developed  which  applied  the  chemical 
reaction  mechanism  model  to  en  ideal  mathematical  combustion  system. 
For  the  Task  2  reaction  kinetics  ana ly sec,  an  approximate  plug 
flow  model  wae  compiled  which  divided  cadi  combustion  volume  into  s 
finite  number  of  perfectly  stirred  reactors  in  series.  Studies 
using  this  approximate  model  revealed  s  critical  sensitivity  of 
the  carbon  monoxide  exhaust  concentrations  to  the  subvolume  else  or 
number  of  sub volume  steps  within  each  sons.  For  use  in  this  model 
the  T63  combustor  was  divided  into  four  sones,  as  indicated  In  the 
sketch  in  Figure  3.  The  last  three  tones  are  the  plug  flow  tones 
and  are  divided  in  subvolumes.  As  is  evident  from  the  plot  in 
Figure  3,  the  CO  concentration  is  vary  sensitive  to  the  number  of 
sub volumes  in  Zona  II.  In  this  figure,  two  different  techniques 
of  sons  subdividing  were  Investigated.  In  the  first  method  an 
equal  timber  of  volumes  in  each  sons  was  defined;  for  the  three 
plug  flow  sections,  this  required  many  total  sub volumes  sod  long 
computer  running  timet  for  the  calculation.  Tbs  second  technique 
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Kinetic*  Model  Predicted  Exhaust  Carbon  Monoxide 


Amber  of  Voluae  Steps  in  20 II 

Figure  3.  Carbon  Monoxide  Sensitivity  to  Volute  Step 
Site  in  Coabostlon  Kinetics  Model. 
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selected  subvolume  sizes  which  allowed  the  constituent  concentra¬ 
tion  to  change  by  a  specified  percentage.  Thus  each  zone  could 
have  a  different  number  of  subvolumes.  It  was  found  that  Zone  II 
was  the  most  critical  zone  and  required  the  largeat  number  of  sub¬ 
volumes.  As  is  indicated,  to  most  accurately  predict  exhaust  car¬ 
bon  monoxide  concentrations,  the  approximate  model  must  approach  a 
precise  model,  i.e.,  an  infinite  number  of  subvolumes  per  zone.  The 
selection  of  the  number  of  subvolumes  per  zone  was  a  compromise  be¬ 
tween  computer  running  time  and  consistent  results. 

Even  though  the  CO  exhibited  a  marked  sensitivity  to  the  number  of 
steps  per  zone,  the  oxides  of  nitrogen  concentrations  showed  almost 
no  variation  for  those  combinations  defined  in  Figure  3.  The 
important  result  of  this  sensitivity  study  was  the  indication  that 
for  reduction  in  carbon  monoxide  the  combustor  must  convert  to 
plug  flow  as  quickly  as  possible. 

Of  the  eighteen  concepts  inv*stigated  in  the  Task  2  studies, 
only  eleven  could  be  analyzed  with  the  reaction  kinetics 
modal.  Those  combustors  investigated  with  the  reaction  kinetics 
model  are  listed  in  Table  XIV.  The  procedure  in  the  kinetics 
analysis  was  to  schematically  define  each  combustor  concept,  in¬ 
cluding  the  baseline  combustor  (standard  T63-A-5A) .  Carbon  monoxide 
and  total  oxides  of  nitrogen  concentration  predictions  were  com¬ 
puted  for  each  design  at  each  duty  cycle  operating  point.  The  con¬ 
centrations  were  then  used  as  input  to  the  duty  cycle  emission 
index  calculations.  The  resulting  emission  index  (El)  for  CO 
and  NO^  is  listed  in  Table  XIV. 

The  reaction  kinetics  standard  T63-A-5A  combustor  model  is  given 
in  Figure  4.  The  predicted  CO  and  N0X  emissions  are  compared  with 
the  emissions  measured  on  the  test  rig  in  Figure  5.  From  this 
figure,  it  is  apparent  that  neither  CO  nor  KUX  reductions  are 
limited  from  a  kinetics  standpoint.  The  following  sections  will 
discuss  the  results  of  the  kinetics  investigations  of  the  concepts 
listed  in  Table  XIV. 


In  this  design  the  hole  sizes  were  changed  to  produce  a  lean 
primary  zone  having  an  equivalence  ratio  of  0.50.  The  predicted 
emissions  showed  a  significant  increase  in  CO  with  a  similar 
decrease  in  N0X.  These  differences  are  quantified  in  the  El 
values  in  Table  X.TV.  Leaning  the  primary  zone  simply  trades  a 
decrease  in  NQX  for  an  increased  CO  concentration,  which  is  not 
acceptable.  Were  there  a  design  which  would  allow  this  type  of 
constituent  tradeoff,  leaning  the  primary  zone  would  be  helpful. 
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TABLE  XIV.  EMISSION  ABATEMENT  COMBUSTOR  CONCEPT 

COMPARISON  FOR  REACTION  KINETICS  ANALYSIS 

rrtMaiic'pnD  pauppipt* 

- - - 1 

EMISSION  INDEX 

LB  EMXSSIONS/IOOOLB  FUEL 

NO. 

DESCRIPTION 

CO 

NO 

X 

■ 

00 

Baseline  T63  (Rig  Test) 

26.094 

4.648 

30.742 

0 

(Prediction) 

.939 

.617 

1.556 

PRIMARY  ZONE 

4a 

LeEin  (0  «*  .35) 

- 

- 

- 

4b 

(0  =  .50) 

3.864 

.102 

3.966 

5a 

Rich  (0  -  1.0) 

.456 

6.161 

6.617 

6 

Variable  Geometry 

.480 

.405 

.885 

7a 

Early  Quench 

.612 

.404 

1.016 

11 

Heat  Rejection 

8.567 

.040 

8.607 

12 

Water  Injection 

.897 

.200 

1.097 

PRIMARY-DILUTION  ZONE 

14a 

Increased  Length  (+1QQ9Q 

- 

- 

- 

14b 

(+20096) 

.210 

.676 

.886 

15 

Double  Combustor  Volumes 

.202 

.996 

1.198 

16a 

Double  Length  (0  =  .68) 

.486 

.643 

1.129 

16b 

(0  ■  .5) 

2.370 

.107 

2.477 

17 

Rapid  Plugged  Flow 

.545 

.617 

1.162 

The  rich  primary  zone  combustor  incorporated  a  1.0  equivalence 
ratio  primary  zone.  This  design  showed  the  reverse  trend  of  the 
lean  primary  zone  combustor.  The  CO  was  reduced  but  at  the  ex¬ 
pense  of  a  greatly  increased  NO  concentration. 


The  variable- geometry  primary  zone  equivalence  ratios  for  each 
LOH  duty  cycle  point  were  optimized  for  minimum  total  cycle  Cl 
with  no  constituent  increase  using  the  empirical  correlation 
equations  to  be  discussed  in  subsequent  sections.  These  geome¬ 
tries  ,  itemized  in  Table XV,  were  analyzed  with  the  kinetics 
model.  As  can  be  seen  from  Table XIV  ,  both  the  CO  and  the  NO* 
total  mass  emissions  were  reduced.  Therefore*  variable  geometry 
could  probably  be  used  to  reduce  the  total  emissions  of  any 
fixed- geometry  combustor. 


In  this  design*  the  first  row  of  holes  was  moved  upstream  to  a 
point  where  the  primary  zone  volume  was  reduced  to  half  its 
standard  value.  The  reaction  kinetics  model  predicted  a  35% 
reduction  in  both  CO  and  NQx  total  emissions.  Therefore* this 
concept  should  be  further  investigated  in  the  Task  3  testing. 


It  was  assumed  in  this  configuration  that  a  standard  combustor 
experienced  sufficient  primary  zone  heat  transfer  to  reduce  the 
primary  zone  average  temperature  by  6009F.  The  predicted  emis¬ 
sions  showed  a  great  increase  in  CO  and  a  similarly  great  re¬ 
duction  in  NOx  concentrations.  Again*  if  tradeoffs  among  con¬ 
stituent  emissions  were  possible*  this  technique  might  be 
beneficial. 


Water  Injection 


This  concept  was  a  standard  combustor  with  1.5  pounds  of  water 
per  pound  of  fuel  introduced  into  the  primary  zone  at  the  75% 
and  100%  power  operating  conditions.  The  kinetics  model  showed 
a  significant  reduction  in  N0X  and  also  a  reduction  in  CO  con¬ 
centration  at  these  conditions*  The  decrease  in  NOx  was  a  result 
of  the  lower  primary  zone  temperature,  but  the  reduction  in  CO  was 
because  of  its  reaction  with  the  hydroxide  ion  (OH-)  created  from 
the  added  water.  This  water  Injection  technique  may  be  useful  as 
an  interim  abatement  method,  but  it  does  not  appear  practical  for 
use  on  a  helicopter  installation.  The  reduced  burner  exit  temper¬ 
ature  resulting  from  the  addition  of  the  water  must  be  corrected 
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TABLE  XV.  VARIABLE -GEOMETRY  NONREGENERATIVE  T63-A-5A 
COMBUSTOR  FLOW  SPLITS  USED  IN  REACTION 
KINETICS  ANALYSIS 


Power  Level  (%) 

10 

40 

55 

75 

100 

Flow  Splits  (X) 

Section  I 

26.9 

32.3 

42.9 

49.1 

74.4 

Section  II 

12.8 

12.8 

12.8 

12.8 

12.8 

Section  III 

17.4 

17.4 

17.4 

11.4 

•  0 

Section  IV 

42.9 

37.5 

26.9 

26.7 

12.8 

Primary  Zone  Equivalence  Ratio 

Fixed  Geometry  (Conventional) 

.42 

.51 

.56 

.64 

.77 

Variable  Geometry 

.60 

.60 

.50 

.50 

.39 

back  to  standard  burner  exit  temperatures  by  the  addition  of  more 
fuel.  Therefore,  if  exit  temperatures  are  maintained  by  an  increase 
in  fuel  flow,  the  predicted  emissions  would  change  accordingly. 


IqgJSPggd  ItSMXh 


The  extended* length  liner  was  a  standard  T63-A-5A  liner  with 
a  6-inch  cylindrical  section  added  between  the  first  row  of 
holes  and  the  second  cooling  air  annulus.  The  predicted 
emission  changes  from  the  standard  liner  agreed  quite  well 
with  the  changes  in  emissions  observed  in  the  test  data. 

With  this  extended-length-liner  design,  the  CO  is  reduced 
significantly  enough  that  if  it  were  coupled  with  a  concept 
for  reducing  NOx,  the  result  might  be  quite  favorable. 


Double  Combustor  Volumes 

If  all  of  the  combustor  volumes  were  doubled,  the  CO  concentra¬ 
tion  was  predicted  to  decrease  and  the  NOx  t0  increase.  Since 
it  is  not  desired  to  allow  increases  in  NO^,  the  size  of  the 
primary  zone  should  not  be  Increased.  This  was  shown  more 
positively  in  the  early  quench  configuration  presented  above. 

Doubled  Predilution  Volume,  d  ■  .68 

In  this  concept  the  predilution  volume  was  increased  in  a  stan¬ 
dard  length  combustor  by  moving  the  second  row  of  holes  to  the 
location  of  the  third  row,  and  moving  the  third  row  downstream 
to  the  end  of  the  liner.  If  this  were  dene  to  a  standard  liner, 
it  was  predicted  that  the  CO  concentrations  would  be  reduced 
substantially  at  the  low  power  conditions,  while  the  N0y  hardly 
increased.  Therefore,  the  downstream  portion  of  the  combustor 
has  almost  no  effect  on  N0X  while  permitting  substantial  changes 
in  the  CO  concentrations.  In  this  design  the  predilution  volume 
was  essentially  doubled  in  a  standard  liner  length. 

Doubled  Predilution  Volume,  d  ■  .50 

This  doubled  predilution  volume  design  had  the  same  hole 
locations  as  the  previous  design,  but  the  hole  sizes  were 
changed  to  lean  the  primary  zone  to  reduce  N0X»  The 
predicted  emissions  showed  a  significant  decrease  in  NOx,  but 
the  CO  concentration  increased  to  a  level  above  the  baseline 
concentration.  It  appeared  that  the  T63  combustor  CO  emissions 
were  very  sensitive  to  equivalence  ratio  at  the  idle  or  10# 
power  operating  conditions,  but  that  at  the  higher  power  levels, 
the  CO  sensitivity  was  almost  nonexistent. 


Rapid  Plug  Flow 


Figure  3  shows  the  importance  of  quickly  reaching  plug  flow  on 
reducing  CO  emissions.  In  the  reaction  kinetics  model  being  used 
in  this  study,  plug  flow  was  approximated  by  a  finite  number  of 
stirred  reactors  in  series.  Thus  the  degree  toward  achieving 
actual  plug  flow  was  indicated  by  the  number  of  series  stirred 
reactors  in  a  particular  region.  As  the  number  of  stirred  reactors 
increased,  the  region  more  closely  approached  plug  flow.  Therefore, 
it  was  reasonable  to  expect  considerable  reductions  in  CO  concen¬ 
trations  if  a  combustor  design  converted  to  plug  flow  more  quickly 
in  the  sensitive  region  immediately  downstream  of  the  first  row 
of  holes. 


The  El  values  computed  and  listed  in  Table  XIV  for  the  reaction 
kinetics  predictions  were  converted  to  percentage  changes 
relative  to  the  predicted  baseline  El  values  in  the  analysis 
summary  of  Table  XVI.  From  these  kinetics  studies,  three  of 
the  Task  2  conclusions  were  supported:  the  primary  zone  should 
be  small  and  should  approach  a  stirred  reactor  kinetically,  the 
predilution  zone  should  convert  to  a  plug  flow  region  as  quickly 
as  possible,  and  variable  geometry  may  reduce  further  the  emis¬ 
sions  of  any  fixed-geometry  combustor. 


Empirical  Correlation  Analyses 

Exhaust  emissions  for  the  T63  gas  turbine  have  successfully  been 
predicted  from  empirically  derived  correlation  equations.1*-14  The  foras 
of  these  equations  were  employed  along  with  normal  least-squares 
curve  fitting  techniques  to  create  a  pair  of  empirical  equations 
for  predicting  carbon  monoxide  and  total  oxides  of  nitrogen  exhaust 
emissions  from  T63  combustors.  The  empirical  equations  were  fitted 
to  the  standard  T63-A-5A  combustor  emissions  measured  in  the 
Research  Laboratory  on  the  T63  combustor  rig  which  was  set  to  the 
nonregenerative  T63  operating  conditions  corresponding  to  the 
approved  LOH  mission  duty  cycle.  Th»  fitted  expressions  for  CO  and 
NO  which  were  obtained  are  the  following: 


•  5219 . *EXP (- . 1511*10 


r1  * 


(P*Tf)1,25*V/M) 


N0X  *  .5330*P*V/(M*Tf)*EXP(.G01446*Tf)  (6) 


where 

CO  »  exhaust  concentration  of  carbon  monoxide,  ppm 

NO  ■  exhaust  concentration  of  total  oxides  of  nitrogen, 

x 

ppm 
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P  m  combustor  inlet  pressure,  psia 

M  **  combustor  overall  airflow,  lb/sec 

V  *  combustor  predilution  volume,  in^ 

Tf  ■  average  flame  temperature*  *R 

The  T63-A-5A  standard  combustion  liner  i:i  shown  in  Figure  6. 

The  primary  zone  volume  and  flow  fraction  were  used  in  the  estima¬ 
tion  of  the  average  flame  temperature.  The  degree  of  fit  provided 
by  the  above  empirical  correlation  equations  can  be  seen  in  their 
comparison  with  the  experimental  rig  data  in  Figure  7.  These 
equations  were  used  for  the  empirical  correlation  analyses  of  all 
applicable  combrstor  concepts  in  the  Task  2  evaluations. 

The  combustor  concepts  analyzed  with  the  empirical  correlation 
equations  are  listed  in  the  summary  chart  of  Table  XVII,  along 
with  the  emissions  index  computed  for  the  CO  and  NOx  constituents 
over  the  LOH  duty  cycle.  In  general,  the  combustor  concepts 
analyzed  with  the  empirical  correlation  equations  were  the  same 
concepts  analyzed  by  the  reaction  kinetics  approach. 

Lean  Primary  Zone 


Emissions  were  predicted  for  two  lean  primary-zone  coitibusti'  n 
liners  having  primary-zone  equivalence  ratios  of  0.35  and  0.50 
at  maximum  power  conditions.  It  was  clear  from  the  predicced 
emissions  that  the  N0X  concentrations  should  be  significantly 
reduced  but  that  the  CO  increases  to  concentrations  considerably 
above  the  baseline  levels. 

Rich  Primary  Zone 

Enriching  the  primary  zone  reduced  the  CO  concentration  according 
to  the  empirical  correlation  model,  but  again  at  the  expense  of 
increasing  the  other  constituent,  N0X.  Therefor^  as  with  the 
lean  primary- zone  configuration,  changing  the  primary,  zone 
equivalence  ratio  simply  trades  one  emission  for  another. 

Variable  Geometry 

A  variable- geometry  combustor  has  the  potential  of  operating 
over  a  wide  range  of  primary-zone  equivalence  ratios  at  any 
set  of  operating  conditions.  This  concept  was  utilized  in  an 
approximate  manner  by  computing  CO  and  NOx  ®xh*ust  emission  con¬ 
centrations  at  each  LOH  operating  point  for  primary  equivalence 
ratios  between  0.3  and  1.0.  Using  these  predicted  emissions,  the 
time-weighted  masses  of  each  pollutant  were  computed  for  each 
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Figure  6.  Empirical  Correlation  Combuetor  Model  for  Conventional 
T63-A-54  Combuetor  Liner. 
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Emission  for  T63-A-SA  Combustor. 


37 


TABLE  XVI I.  EMISSION  ABATEMENT  COMBUSTOR  CONCEPT 

COMPARISON  -  EMPIRICAL  CORRELATION 

ANALYSIS 

COMBUSTOR  CONCEPT 

EMISSION  INDEX 

LB  EMISS I0NS/1000LB  FUEL 

pg 

DESCRIPTION 

CO 

“0, 

CO  +  N0X 

00 

Baseline  T63  (Rig  Test) 

26.094 

4.648 

*0.742 

0 

(Prediction) 

2S.978 

4.331 

30.309 

PRIMARY  ZONE 

4a 

Lear,  (d  “  .35) 

63.386 

1.602 

64.988 

4b 

(*  -  .50) 

42.310 

2.522 

44.832 

Sa 

Rich  (*  -  1.0) 

12.034 

10.000 

22.034 

6 

Variable  Geometry 

22.354 

4.326 

26.680 

7a 

Early  Quench 

25. 98 5 

4.330 

30.315 

11 

Heat  Rejection 

48.374 

2.263 

SO. 637 

12 

Water  Injection 

m 

«• 

m 

PRIMARY~DILUTION  ZONE 

14a 

Increased  Length  (+10CK) 

8.053 

6.496 

14.549 

14b 

(►200X) 

1.852 

9.352 

11.204 

IS 

Double  Combustor  Volumes 

4.398 

8.758 

13.156 

16a 

Double  Length  (f  *  .68) 

4.706 

6.394 

13.100 

16b 

(#  *  -S) 

7.024 

4.882 

11.906 

17 

Rapid  Plugged  Flow 

• 

* 

‘  1 

i 


i 

v 


duty  cycle  point.  Emission  indexes  (  El  ) ,  were  computed  for 
ell  of  the  possible  combinations  (5®)  of  cycle  point  equivalence 
ratios.  The  minimum  El  was  then  selected  for  two  separate 
conditions.  First  there  were  no  constraints  imposed  to  limit 
any  constituent  El .  This  effectively  allowed  for  increased 
NOx  to  be  traded  for  decreased  CO  concentrations ,  as  long  aj  the 
combined  El  was  reduced.  The  resulting  minimum  El  for  the 
case  with  no  constraints  Imposed  was  19.71  lb  CO  and  N0X 
emissions/1000  lb  fuel  compared  with  30.31  lb  CO  and  N0X 
emissions/1000  lb  fuel  for  the  baseline  combustor.  The  CC  and 
N0X  concentrations  are  defined  in  Figures  8  and  9.  for  this 
case.  Operating  the  combustor  at  these  equivalence  ratios 
allowed  the  oxides  of  nitrogen  to  more  than  double. 

If  the  constraint  were  imposed  that  no  cycle  El  could  exceed 
the  standard  combustor  levels,  a  significantly  different  set  of 
equivalence  ratios  resulted.  These,  the  emissions  concentrations 
corresponding  to  the  "constrained*'  minimum  cycle  El  are  also 
identified  in  Figures  8  and  9  .  The  KGX  emissions  index  w&s 
maintained  at  the  baseline  level,  thus  restricting  the  available 
CO  reduction.  The  minimum  El  for  this  "constrained"  case  was 
26.68  lb  CO  and  NOx  emissions/1000  lb  fuel.  This  concept  by  itself, 
does  not  olfer  a  solution  to  the  goal  of  SOX  emissions  reduction, 
but  it  may  be  beneficial  in  comblnati  on  with  other  techniques. 

Early  Quench 

The  empirical  correlation  equations  are  insensitive  to  changes 
in  primary  tone  volume.  Therefore,  there  was  no  effect  predicted 
for  an  early  quench  primary  tone  combustor.  Evaluation*  of  this 
concept  must  be  made  by  utilising  reaction  kinetics  and  teat 
data  emissions. 

Heat  Rejection 

In  the  empirical  ecuetions,  heat  rejection  from  the  primary 
sone  was  approximated  by  reducing  the  primary*zone  temperature 
by  increments  of  -300*8.  The  predicted  effect  of  heat  rejection 
is  the  same  as  the  effect  cbown  for  a  more  lean  primary-xone 
combustor.  The  CO  concentrations  all  increased  and  the  NO  con¬ 
centrations  all  decreased.  The  El  in  Table  XVII  far  heat 
rejection  were  computed  from  the  emissions  coucentr  tion  pre¬ 
dicted  by  a  600*F  reduction  in  primary  sone  temperature.  To  meet 
the  goals  of  thia  contract, neither  the  CO  nor  the  NO  emissions 
can  exceed  those  produced  by  the  standard  combustor. 

Increased  Length  (Extended -Length  Liner' 

Since  in  the  T63  combustor,  carbon  monoxide  accounts  for  nearly 
SOX  of  the  total  mass  emissions,  significant  effort  should  be 
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Figure  8.  Empirical  Correlation  Predicted  Variable- 
Geometry  Emission  Map  for  Carbon  Monoxide 


duty  cycle  point.  Emission  indexes  (  El  ) ,  were  computed  for 
ail  of  the  possible  combinations  (5®)  of  cycle  point  equivalence 
ratios.  The  minimum  El  was  then  selected  for  two  separate 
conditions.  First  there  were  no  constraints  imposed  to  limit 
any  constituent  El  .  This  effectively  allowed  for  increased 
N0X  to  be  traded  for  decreased  CO  concentrations,  as  long  as  the 
combined  El  was  reduced.  The  resulting  minimum  El  for  the 
case  with  no  constraints  imposed  was  19.71  lb  CO  and  N0X 
emissions/1000  lb  fuel  compared  with  30.31  lb  CO  and  N0X 
emissions/1000  lb  fuel  for  the  baseline  combustor.  The  CO  and 
N0X  concentrations  are  defined  in  Figures  8  and  9.  for  this 
case.  Operating  the  combustor  at  these  equivalence  ratios 
allowed  the  oxides  of  nitrogen  to  more  than  double. 

If  the  constraint  were  imposed  that  no  cycle  El  could  exceed 
the  standard  combustor  levels,  a  significantly  different  set  of 
equivalence  ratios  resulted.  These,  the  emissions  concentrations 
corresponding  to  the  "constrained”  minimum  cycle  El  are  also 
identified  in  Figures  8  and  9  .  The  N0X  emissions  index  was 
maintained  at  the  baseline  level,  thus  restricting  the  available 
CO  reduction.  The  minimum  El  for  this  "constrained"  case  was 
26.68  lb  CO  and  N0)c  emissions/1000  lb  fuel.  This  concept  by  itself, 
does  not  offer  a  solution  to  the  goal  of  5094  emissions  reduction, 
but  it  may  be  beneficial  in  eombinati  on  with  other  techniques. 

Early  Quench 

The  empirical  correlation  equations  are  insensitive  to  changes 
in  primary  zone  volume.  Therefore,  there  was  r>o  effect  predicted 
for  an  early  quench  primary  zone  combustor.  Evaluations  of  this 
concept  must  be  made  by  utilizing  reaction  kinetics  and  test 
data  emissions. 

Heat  Rejection 


In  the  empirical  equations,  heat  rejection  from  the  primary 
zone  was  approximated  by  reducing  the  primary-zone  temperature 
by  increments  of  -30Q#R.  The  predicted  effect  of  heat  rejection 
is  the  same  as  the  effect  shown  for  a  more  lean  primary-zone 
combustor.  The  CO  concentrations  all  increased  and  the  NO  con¬ 
centrations  all  decreased.  The  El  in  Table  XVII  for  heat 
rejection  were  computed  from  the  emissions  concentration  pre¬ 
dicted  by  a  600*F  reduction  in  primary  zone  temperature.  To  meet 
the  goals  of  this  contract,  neither  the  CO  nor  the  NO  emissions 
can  exceed  those  produced  by  the  standard  combustor. 

Increased  Length  (Extended- Length  Liner) 

Since  in  the  T53  combustor,  carbon  monoxide  accounts  for  nearly 
8094  of  the  total  mass  emissions,  significant  effort  should  be 
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Figure  9.  Empirical  Correlation  Predicted  Variable- 

Geometry  Emission  Map  for  Oxides  of  Nitrogen. 
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directed  toward  reducing  the  CO  exhaust  emissions.  One  method 
for  reducing  the  CO  concentrations  is  to  increase  the  residence 
time  that  the  CO  is  within  an  oxidizable  temperature  range,  thus 
allowing  it  to  convert  to  CO2. 

This  can  be  accomplished  by  i  'creasing  the  predilution  zone  vol¬ 
ume,  viz.,  the  region  between  the  primary  holes  and  the  dilution 
holes.  If  this  volume  were  increased  100%  or  200%,  the  CO 
emissions  should  reduce  substantially  while  the  N0X  emissions 
should  increase.  The  computed  El  values  using  these  predicted 
emissions  show  that  the  CO  reduces  at  a  much  faster  rate  than 
the  NO  increases.  Based  upon  these  predictions,  an  extended- 
lengthxliner  was  fabricated  by  adding  a  6-inch  cylindrical 
section  to  a  standard  liner  to  increase  the  predilution  volume. 

The  significant  reductions  in  CO  from  the  increased  prec ilution 
volume  of  the  extended-length  liner  may  permit  tradeoffs  with 
N0X  to  reduce  the  N0X  back  to  baseline  levels  and  thus  achieve 
reasonable  overall  reductions  in  the  total  T63  combustor  exhaust 
emissions. 

Double  Combustor  Volumes 

In  this  concept  the  entire  combustor  was  doubled  in  volume. 

Here  again, the  empirical  equations’  insensitivity  to  the  primary- 
zone  volume  showed  less  of  an  increase  in  NQX  emissions  than 
would  be  realized  in  an  experimental  test.  Because  the  total 
volume  up  to  the  dilution  holes,  when  doubled,  was  nearly  the 
same  as  a  200%  increase  in  the  volume  between  the  primary  and 
dilution  holes,  the  emissions  computed  for  the  doubled- volume 
combustor  were  very  close  to  the  predicted  emissions  for  the 
extended  liner  discussed  above. 

Double  Predilution  Length 

If  the  dilution  holes  in  a  standard  liner  were  moved  downstream 
until  the  new  combustor  volume  upstream  of  the  dilution  holes 
were  twice  the  upstream  volume  in  a  standard  combustor,  the 
resulting  emissions  predicted  by  the  empirical  equations  would 
have  the  same  trends  as  discussed  above  for  the  standard  equiva¬ 
lence-ratio-configuration,  increased-volume  combustors.  Once 
again  the  CO  was  greatly  reduced,  but  the  NO  increased.  If 
the  primary  zone  of  this  increased-length  configuration  were  to 
operate  at  a  more  lean  condition  (0  ■  0.50),  then  the  N0X  con¬ 
centrations  might  be  returned  to  standard  emissions  levels  and 
a  net  CO  reduction  might  still  result. 
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Increased  Volume/Variable  Geometry 


If  a  liner  with  increased  predilution  volume  (here  defined  as 
the  volume  upstream  of  the  dilution  holes)  were  used  to  reduce 
the  CO  concentration,  the  NOx  emissions  would  increase.  A  plot 
of  the  computed  LOH  mission  duty  cycle  El  as  a  function  of 
predilution  increase  can  be  seen  in  Figure  10  .  The  proportion¬ 
ate  reduction  in  CO  is  predicted  to  be  much  greater  than  the 
increase  in  the  NOx  emissions  index.  Applying  variable  geometry 
to  some  inereased-volume  combustor  would  allow  a  tradeoff  between 
CO  and  NQx,  such  that  NOx  might  be  reduced  to  the  baseline  level 
while  allowing  CO  to  increase  to  a  level  above  that  predicted 
for  the  fixed-geometry  larger-volume  configuration.  The  result 
of  this  approach  would  be  a  net  reduction  in  CO  with  no  increase 
in  NOx  *  The  predicted  effects  of  this  technique,  using  the 
empirical  correlation  equations,  showed  that  the  inereased- 
volume/  variable-  geometry  combustor  concept  may  have  the  potential 
of  meeting  tne  emissions  reduction  contract  goal  of  a  5096  decrease 
in  total  emissions  with  no  increase  in  any  constituent  emission. 

Test  Data- 

The  sources  of  test  data  used  in  the  analysis  and  selection  of 
recommended  concepts  were  from  three  general  areas:  combustor  tests 
performed  during  the  early  portion  of  Task  3,  combustor  emission 
test  results  from  General  Motors  divisions  (DDA  and  GMR) ,  and  emis¬ 
sion  data  from  private  industry  outside  General  Motors  and  from 
Government  agencies.  The  following  sections  will  briefly  discuss 
the  types  of  test  data  obtained  and  how  they  were  applied  to  the 
concept  analyses  of  Task  2. 

Rig  leaOflfrf 

The  first  source  of  test  data  was  the  testing  of  three  prelimi¬ 
nary  low-emission  combustor  concepts  in  Task  3  prior  to  the  com¬ 
pletion  of  Task  2.  These  three  experimental  tests  were  recom¬ 
mended  early  because  of  their  simplicity  and  availability  and 
because  their  test  results  would  be  very  influential  in  the  de¬ 
cisions  relative  to  additional  preliminary  low-emission  combustor 
concepts.  These  three  combustor  concepts  were  the  following; 

*  Extended.  Length  Liner  (Concept  1) 

*  Richr Primary  -Zone  Liner  (Concept  2) 

*  Air^Blast/Aiir  Assist  Injector  Liner  (Concept  3) 

The  performance  of  these  combustors  is  described  in  detail  in 
the  Task  3  discussion  and  in  Appendix  II. 
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Emission  Index  -  lb  emissions/1000  lb  fuel 


Figure  10.  Predicted  Nonregenerative  Combustor  emissions, 

Effect  of  Increased  Volume  Plus  Variable  Geometry. 
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fipflgrfll.  Ws^rA  -IsiiOata 


The  General  Motors  test  data  were  obtained  from  two 
divisions  of  6MC.  The  Detroit  Diesel  Allison  test  data 
were  both  for  aircraft  combustors  (T56  and  T63  engines),15 
and  for  automotive  combustor  applications15 .  The  remaining 
GMC  sources  were  combustor  development  reports  from  General 
Motors  Research  Laboratories  (GMR) .  One  report1?  was  eon- 
cerned  with  reduced-emission  combustors  for  Stirling  engines. 
For  these  combustors,  the  reductions  of  all  emissions  (CO, 
CXHX,  NOx,  and  smoke)  were  measured  and  reported.  The  bulk 
of  the  GMR  combustor  experiments  were  directed 

toward  reducing  the  oxides  of  nitrogen  in  a  regenerative  gas 
turbine  engine  for  automotive  applications,  the  GT-309  engine. 
Data  on  liCx  concentrations  were  reported  on  all  of  the  combus¬ 
tor  designs  either  as  a  function  of  gasifier  speed  or  at  one 
gasifier  speed  (normally  8  096  speed) . 

Typical  of  the  single-data -point  concept  evaluations  by  GMR  is 
the  effect  of  water  injection  on  N0X  emissions  shown  in 
Figure  11.  Shown  here  is  a  reduction  of  57.596  in  N0X  by  the 
addition  of  1.5  lb  water/lb  fuel.  The  empirical  correlation 
equation  predicted  a  reduction  in  NO  of  43.956,  assuming  that 
the  lower  flame  temperature  due  to  the  water  addition  behaved 
as  would  heat  rejection  from  the  primary  zone. 


Even  though  the  oxides  of  nitrogen  emissions  were  well  docu¬ 
mented,  carbon  monoxide  and  hydrocarbons  were  reported  in  only 
general  terms  for  many  combustor  designs.  Thus,  most  of  the 
GMR  data  was  used  for  evaluating  N0X  reduction  combustor 
concepts. 

athsr„.Ifigt.Pflta  Swregg 

The  balance  of  the  test  data  applied  to  the  Task  2  evaluations 
were  emission  abatement  concepts  for  aircraft  gas  turbine 
cumUitftors.  Several  of  these  sources  ”•**•«•**  were  concerned 
with  air-assist  fuel  Injector  designs  for  reducing  emissions, 
primarily  smoke.  Water  or  steam  injection  **•*’•*•  has  been 
investigated  as  a  concept  for  reducing  oxides  of  nitrogen  con¬ 
centrations.  Lean  primary-zone  combustors  28, 29  were  found  to 
produce  less  N0X  than  combustors  which  operated  nearer 
stoichiometric  in  the  primary  zone.  Improved  mixing  in  the 
primary  zone  from  awirler  configurations 22, 30  also  resulted  in 
lower  oxide*  of  nitrogen  concentrations  in  the  engine  exhaust. 

Aa  la  evident  from  the  above  combustor  configurations,  little 
test  data  was  found  on  concepts  for  reducing  carbon  monoxide 
or  hydrocarbon  emission*.  The  referenced  test  data  were  used 
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(I.S  Ih/HjQ/lb  Fuel) 


in  the  summary  chart  on  emission  abatement  concepts  in 
Table  XVI,  page  33. 

Because  it  was  not  possible  to  apply  the  test  data  directly  to 
the  LOH  mission  duty  cycle,  the  effectiveness  of  the  combustor 
concepts  investigated  was  quantified  on  a  percentage  basis. 

Even  though  the  combustor  operating  conditions  were  not  the 
same  as  for  the  LOH  cycle,  combustor  data  presented  as  emis- 
sion  concentration  as  a  function  of  gas  generator  speed  were 
LOH  duty  cycle  weighted  at  the  corresponding  percentage  of  gas 
generator  speeds  to  compute  an  approximate  emission  index  value 
for  the  concept.  Whenever  possible,  emissions  were  converted 
to  an  emission  index  for  both  baseline  and  the  abatement  config¬ 
urations,  and  the  percentage  change  in  each  emission  constituent 
was  determined.  The  references  listed  in  Table  XVI  refer  to  the 
reports  listed  in  the  literature  cited  section  cf  this  report. 

Analysis  Summary 

The  culmination  of  the  Task  2  analysis  of  emission  abatement  com¬ 
bustor  concepts  is  presented  in  Table  XVI.  In  all,  eighteen  basic 
design  concepts  were  analyzed  for  their  emission  reduction  poten¬ 
tial  from  three  approaches:  reaction  kinetics,  empirical  correla¬ 
tion,  and  published  test  data.  All  concept  emissions  were  trans¬ 
lated  from  emission  index  to  percentage  change  of  carbon  monoxide 
(CO)  and  oxides  of  nitrogen  (N0X)  relative  to  the  baseline  combustor. 
For  the  reaction  kinetics  and  empirical  correlation  analyses,  the 
baseline  combustor  was  the  standard  T63-A-SA  combustor.  For  the 
published  test  data,  a  baseline  combustor  was  the  standard  design 
from  which  the  particular  abatement  concept  was  fabricated.  The 
following  comments  concerning  each  of  the  emission  abatement 
concepts  summarise  the  results  of  the  Task  2  investigation. 

The  conclusions  and  the  preliminary  combustors  were  baaed  upon  these 
results.  Refer  to  Table  XVI  for  the  numerical  evaluations  of  each 
concept. 

1*  Air-Blast  Fuel  Injector 

The  air-blast  fuel  injector  tested  had  a  more  lean  pri- 
mary-zone  than  the  standard  injector.  Thus,  the  CO  in¬ 
creased  somewhat.  The  most  important  contribution  from 
this  injector  was  the  significant  reduction  in  smoke  or 
particulates. 

2.  Aiiamit  iMlLl allftlflE 

The  air  assist  injector  exhibited  low  smoke,  as  did  the 
air  blast  injector.  Some  reductions  in  CO  and  (*Hy  were 
also  obtained.  It  thus  appears  that  an  air-blast  or  air- 
assist  fuel  injector  can  be  used  to  specifically  reduce 
particulates  and  smoke  and  may  provide  some  reductions 
in  other  emissions  as  well. 
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3.  Premix  and  Vaporizer  Systems 

These  systems  show  decreases  in  NO*  emissions  which  re* 
suit  from  the  better  mixing  of  the  air  and  fuel,  thus 
reducing  the  local,  fuel- rich  hot-spot  regions.  Pre¬ 
mixing  and/or  prevaporization  of  liquid  fuel  tends  to 
bring  the  combustor  primary  zone  closer  to  a  stirred 
reactor  *egion. 

4.  Staged  Fuel_InjectiQn 

Staged  fuel  systems  are  a  compromise  between  a  fixed- 
geometry  and  a  variable- geometry  combustor.  These  sys¬ 
tems  have  multiple  fuel  injectors,  and  each  operates  over 
a  more  narrow  range  of  primary- zone  equivalence  ratios 
than  is  possible  with  a  single-injector,  fixed- geometry 
combustor.  If  complexity  such  as  staged  fuel  is  accept¬ 
able,  variable  geometry  should  provide  more  control  and 
lower  emissions  for  no  increase  in  complexity. 

5.  Lfiftfl.  .PriwffSX  ZftDS 

A  more  lean  primary  zone  increases  CO  concentrations. 

Ua*‘d  by  itself,  this  approach  is  unacceptable  even  though 
NO*  emissions  are  reduced.  Where  increases  in  CO  can  be 
traded  for  NO*  reductions,  leaning  the  primary  zone  could 
be  adapted. 

6.  Rich  PrJtoHULY  Sans 

Enrlchening  the  primary  zone  increases  the  average  flame 
temperature  and  thus  the  NO*  concentrations.  Also, this 
approach  tends  to  increase  smoke  and  particulates. 

7 .  Variable  Geometry 

Variable  geometry  can  decrease  both  CO  and  NO*  averages 
ever  a  duty  cycle,  but  at  the  expense  of  increased  com¬ 
plexity.  It  may  be  used  on  future  fixed  combustor  designs 
to  gain  additional  reductions  in  emissions. 

8  •  Early  Quenched  Primary  Zone 

An  earlyquenched  primary  zona  may  produce  reductions  in 
both  CO  and  NO*.  Since  the  primary-zone  volume  is  re¬ 
duced,  the  residence  time  for  NO*  formation  is  shorter. 

The  intermediate  zone  between  the  primary  and  dilution 
zones  is  increased,  thua  allowing  the  CO  to  be  further 
consumed.  Earlier  quenching,  which  implies  a  minimum- 
sized  stirred- reactor  primary  zone,  will  reduce  NO*  emis¬ 
sions. 
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9. 


Reverse-Flow  Primary  Zone 


Reverse  flow  is  a  means  of  increasing  the  primary-zone 
mixing  and  recirculation.  However,  this  concept  may  cause 
increases  in  CO  emissions. 

10.  Reg* rqulftt&a 

this  concept  permits  a  tradeoff  between  CO  and  N0X  con¬ 
centrations.  The  effect  of  massive  exhaust  recirculation 
is  to  reduce  the  N0X  by  decreasing  the  local  hot-zone 
temperatures  and  allowing  leaner  operation  in  the  primary 
zone.  A  more  lean  primary,  however,  will  create  higher 
CO  emissions.  As  the  recirculation  is  increased,  primary- 
zone  conditions  approach  those  of  a  stirred  reactor, 
thus  the  higher  the  recirculation,  the  smaller  the 
required  primary  zone  volume. 

11.  Swirt  Pciiwry.  ggna 

The  effect  of  the  swirl  primary-zone  concepts  is  to 
improve  the  mixedness  and  reduce  the  local  hot-spot  tem¬ 
peratures,  thus  reducing  the  concentrations  of  the  N0X 
formed.  These  designs  also  improve  the  primary-zone 
recirculation. 

12.  H£lt  RtlgSUttfl 

Heat  rejection  from  the  primary  zone  c-eatea  excessive 
increases  in  carbon  monoxide.  Also, a  heat  exchanger 
would  be  required  between  the  primary  zone  and  the 
dilution  zone  to  transfer  the  heat.  This  heat  ex¬ 
changer  would  be  large  except  for  low  heat  rejection 
rates. 

H.  Water  Injection 

Although  water  injection  into  the  primary  zone  will  de¬ 
crease  CO  and  N0X  t  ncantration*,  its  use  may  present 
logistics  problems.  In  addition  to  the  mass  of  water 
which  must  be  cerried,  the  use  of  water  will  require 
higher  fuel  usage  to  maintain  turbine  inlet  temperature, 
and  this  will  penalize  the  engine  3FC  as  well  as  payload. 
Also,  the  engine  coat  and  complaxlty  will  increase.  There¬ 
fore,  this  approach  should  be  considered  only  if  other 
techniques  are  unsuccessful  or  as  an  interim  emission 
reduction  technique  for  existing  aircraft. 


14. 


Cold  Air  Injection 


The  injection  of  cold  air  into  the  primary  zone  has  the 
most  attractiveness  for  N0X  reduction  in  regenerative  gas 
turbine  engines  which  inherently  have  a  source  of  cold 
air.  For  a  nonregenerative  engine,  an  auxiliary  air  com¬ 
pressor  would  be  required  as  well  as  a  heat  exchanger  to 
reduce  the  injected  air  temperature.  Therefore,  it  appears 
rhat  cold  air  injection  is  impractical  for  the  standard 
T63  engine. 

is.  feeqath  It*osEl 

The  importance  of  increased  predilution  length  was  drama¬ 
tically  illustrated  by  the  reductions  in  carbon  monoxide, 
hydrocarbons,  and  smoke  (particulates)  in  the  extended- 
length-liner  test.  It  appears  practical  to  use  the  ex¬ 
tended-length  liner  with  its.  slightly  higher  NOx  emissions 
and  to  apply  other  techniques  to  reduce  the  NO*.  An 
extended- length  liner  in  combination  with  early  quench,  for 
instance,  may  produce  reductions  in  all  emissions.  Effort 
could  then  be  directed  at  reducing  the  overall  combustor 
length. 

16.  ..fogtfttf  S9JL.ygl4.iSga 

The  sizable  increases  in  H0X  due  to  increases  in  the  pri¬ 
mary-zone  volume  clearly  show  rhat  the  primary  tone  must 
be  reduced  to  as  small  a  volumu  as  possible. 

l7-  toufek  ?ttOik.Ugn  Jteatth 

Doubling  the  predilution  length  within  the  standard  com¬ 
bustor  envelope  should  substantially  reduce  the  CO  emis¬ 
sions.  The  N0X  concentrations  should  increase  end  pos¬ 
sibly  the  combustor  exit  temperature  profile  may  be 
severely  distorted.  Improvements  might  be  more  lean 
operation  to  reduce  the  N0X  at  the  expense  of  increased 
CO,  but  the  exit  temperature  profile  may  be  the  most  im¬ 
portant  element  in  combustor  performance  acceptability 

is.  gaak  JElm  fiat 

The  rapid  conversion  to  plugged  flow  downstream  of  the 
primary  zone  should  produce  the  largest  reduction  in  CO 
per  inch  of  predilution  zone  length.  The  attainment  of 
rapid  plug  flow  may  provide  significant  CO  reductions 
in  a  standard  combustor  envelope. 


SO 


It  appeared  from  the  analyses  conducted  in  Task  2  that  to  reach  or 
exceed  the  50%  minimum  total  emissions  reduction  goal  with  no  in¬ 
crease  in  any  constituent  emission  product,  a  combination  of  two  or 
more  of  the  promising  concepts  investigated  above  might  be  required. 
Several  of  the  preliminary  combustor  concepts  for  Task  3  testing 
incorporated  combinations  of  emission  abatement  concepts.  It  was 
the  testing  of  these  preliminary  concepts  that  gave  direction  to 
the  remainder  of  this  contractual  effort. 

Conclusions 


The  analyses  conducted  in  Task  2  revealed  four  emission-abatement 
combustor  design  approaches  which  should  be  explored  and  evaluated 
in  Task  3  testing: 


1.  Fuel  injectors  should  be  an  air-blast  or  air-assist  configura¬ 
tion.  This  type  of  fuel  injector  should  have  tne  most  signif¬ 
icant  effect  on  reducing  combustor  exhaust  mass  rarticu- 
lates  and  smoke. 

2.  The  combustor  primary  zone  should  be  as  small  as  possible 
and  should  approach  a  stirred  reactor  region  kinetically. 

As  combustors  approach  this  goal,  the  carbon  monoxide  and 
oxides  of  nitrogen  should  be  reduced. 

3.  The  predilution  zone  (that  region  between  the  primary  zone 
and  the  dilution  zone)  should  convert  tc  a  plug  flow 
region  as  quickly  as  possible.  This  approach  should  signif¬ 
icantly  reduce  the  carbon  monoxide  concentration  with 
little  effect  on  the  oxides  of  nitrogen.  This  might  be 
accomplished  by  geometrical  changes  to  force  early  plug 
flow,  or  it  might  be  sought  by  lengthening  the  predilution 
zone  section  of  the  combustor. 

4.  Emissions  from  any  fixed- geometry  combustor  may  be  reduced 
further  by  the  inclusion  of  variable  geometry  to  control 
the  air  split  between  the  primary  and  dilution  zones,  thus 
controlling  the  primary-zone  equivalence  ratio. 

■Eceilminarv  Concepts 

The  conclusions  from  the  Task  2  studies  along  with  some  early  com¬ 
bustor  testing  from  Task  3  have  resulted  in  preliminary  concepts  to 
be  fabricated  and  tested  in  Task  3.  The  following  is  a  description 
of  the  preliminary  emission- abatement  concepts  in  the  order  of 
testing  priority.  It  was  anticipated  that  subsequent  modifications 
to  those  concepts  which  demonstrate  reductions  in  emissions  might 
be  required  to  fully  evaluate  their  design  potentials.  Each  of  the 
subsequent  concepts  is,  in  general,  a  modified  version  of  the  stan- 
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dard  T63-A-SA  nonre generative  combustor  sketched  in  Figures  4 
and  6. 

1.  Extended-Length  Liner  (Figure  12^ 

The  extended -length  liner  was  a  standard  T63-A-SA  liner 
with  a  6-inch  cylindrical  section  inserted  between 
■  the  first, or  primary,  row  of  holes  and  the  second  film-cooling 
air  annulus.  This  additional  predilution  length  would  allow 
more  residence  time  at  intermediate  combustion  temperatures 
to  consume  the  CO,  unbumed  CxHy,  and  particulates  before 
reaching  the  reaction-quenching ^dilution  air.  Even  though 
an  increase  in  NQ  was  expected,  this  emission  constituent 
problem  would  be  dealt  with  by  adapting  N0X  reduction  tech¬ 
niques  to  the  extended-length  hardware. 

2.  Rich- Friuiary-Zone,  Standard -Length  Liner  (Figure  13) 

The  purpose  of  the  rich-primary-zone  combustor  was  to 
establish  experimentally  the  tradeoff  between  CO  and  NC^ 
resulting  from  increased  primary  zone  equivalence  ratios. 

As  the  extended-length  liner  experimentally  evaluated 
increased  predilution  residence  time,  the  rich-primary- 
zone  liner  experimentally  evaluated  increased  primary-zone 
reaction  temperatures. 

3.  Air-Blast/Air-Assist  Fuel  Injector.  Standard-Length  Liner 

Ijgure  m)  -  - 

Experimental  data  have  shown  that  air-blast  and  air-assist 
fuel  injectors  greatly  reduce  the  smoke  or  particulates  pro¬ 
duced  by  a  combustor.  The  improved  fuel  spray  preparation 
and  mixing  by  the  blast  air  were  expected  to  assist  in  the 
suppression  of  primary-zone  hot  spots  and  localized  quench¬ 
ing,  thus  potentially  reducing  both  NQX  and  CO.  This  fuel 
injector  evaluation  was  tested  in  a  conventional 
T63-A-5A  liner  with  the  fuel  injector  bushing  modified  as 
required  to  accept  the  fuel  nozzles. 

4.  Variable-Geometry,  Extended-Length  Liner  fFigure  ivi 

• 

For  this  design  the  NOx,  increased  by  the  longer  residence 
time  from  the  additional  length,  was  to  be  controlled  by 
variable  dilution  geometry.  The  variable  geometry  was  accom¬ 
plished  by  the  rotation  of  a  ring  covering  enlarged 
dilution  holes,  which  increased  or  decreased  the  blockage 
to  the  dilution  air.  This  combustor  was  designed  to  operate 
at  primary- zone  equivalence  ratios  above  and  below  those  in 
the  standard  liner.  The  second  row  of  holes  was  closed,  and 
additional  holes  were  added  in  the  dilution  hole  row.  A 
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6"  Cylindrical  Section 


Figure  12.  Extended-Length  Preliminary  Combustor  Liner. 
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Figure  13.  Rich -Primary-Zone, Standard-Length  Preliminary  Combustor 
Liner. 
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Figure  14.  Air-filast/Air-Assist  Fuel  Injector,  Standard-Length 
^  j  Preliminary  Combustor  Liner. 
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VARIABLE  PRIMARY 
EQUIVALENCE  RATIO 


Figure  15.  Variable-Geometry*  Extended-Length 
Preliminary  Combustor  Liner. 
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standard  fuel  injector  was  used, and  the  liner  dome  remained 
unchanged. 

5.  Early- Quench-  Extended-Length  Liner  fFigure  161 

Beginning  with  a  basic  extended  length  liner,  the  first  row  of 
holes  was  covered  and  an  identical  row  was  cut  in  the  liner 
adjacent  to  the  first  cooling  air  annulus.  This  modifica¬ 
tion  produced  an  early-queneh  primary  zone  which  was  to  re¬ 
duce  the  N0X  concentration  in  the  combustor.  A  standard  fuel 
injector  was  used. 

6.  Delaved-Dilution.  Standard-Length  Liner  fFigure  171 

This  liner  and  liner  number  7  were  the  only  modified  standard- 
length  liners  recommended  for  preliminary  testing.  It  was 
hoped  that  the  length  of  a  successful  long  liner  could  be 
reduced  in  the  latter  stages  of  this  contract,  but  an  early 
evaluation  of  a  standard- length  liner  would  show  sensitivity 
of  the  combustor  exhaust  temperature  profile  to  dilution 
hole  geometry  and  dilution  zone  length.  For  this  standard 
length  design,  the  second  and  third  rows  of  holes  were  closed, 
and  a  new  dilution,  row  of  holes  was  added  further  downstream 
just  ahead  of  the  exhaust  centerbody  as  indicated.  The  fuel 
injector,  dome,  and  first  row  of  holes  were  standard. 

7.  Delayed- Dilution/Annular- Dilution  Standard- Length  Liner 
figure  18) 

In  anticipation  of  a  degradation  in  exhaust  temperature 
profile  in  Concept  0,  an  upstream  extension  to  the  combustor 
centerbody  was  added  and  the  dilution  holes  were  modified. 
There  were  more  dilution  holes  of  smaller  size  in  this  de¬ 
sign.  This  created  a  single-sided  annular  dilution  zone  in 
the  "can"  type  combustor.  The  concept  was  that  single-sided 
dilution  from  a  multiplicity  of  dilution  holes  would  signif¬ 
icantly  improve  the  exhaust  temperature  pattern. 

8-  Premix- Cuo/Gaseous- Fuel  Extended-Length  Liner  (Figure  19) 

For  this  design,  the  conventional  dome  was  removed  and  a  pre¬ 
mix  cup  was  attached  in  its  place.  The  first  row  of  holes  was 
closed.  Through  the  lateral  sides  of  the  premix  cup  passed 
the  primary  air  previously  added  through  the  dime  and  first 
row  of  holes  in  the  standard  liner.  All  of  the  primary  air 
was  Injected  through  a  multiplicity  of  small  holes,  creating 
a  "pepper  pot"  type  of  premlxing  of  the  fuel  and  air.  The 
liner  was  extended  length,  with  the  extra  length  being  added 
in  the  center  section  as  in  the  baseline  extended- length 
liner  (Concept  1).  Gaseous  propane  was  the  fuel  injected 
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PRIMARY  HOLES 
MOVED  FORWARD 


Figure  16.  Early-Quench,  Extended-Length 
Preliminary  Combustor  Liner. 


CAN  DILUTION  ZONE 


NCW  DILUTION  PLANE 


Figure  17.  Delay «d*Oilutiont  Standard -Length  Pi«li»inery 
Combustor  Liner. 
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ANNULAR  DILUTION  ZONE 
(SINGLE  SIDED! 


Figure  18.  Delayed-Dilution/Annular-Dilution,  Standard-Length 
Preliminary  Combustor  Liner. 


OASfOUt  FUEL  (PROFANE)  INJECTION 
WITH  AIR  PR  (MIX 


Figurt  19.  Pramlx-Cup/Gaaeoue-Ftiel,  Extended-Length 
Preliminary  Combustor  Liner. 


into  the  premix  cup  to  simulate  prevaporized  fuel.  It  was 
planned  that,  should  this  test  demonstrate  significant  emis¬ 
sion  reduction,  a  liquid  fuel  vaporizer  system  would  be 
designed  and  tested.  A  methane  torch  igniter  was  used  to 
light  the  burner. 

9.  Plug- Flow/Canted- Primary- Air, Extended- Length  Liner  (Figure  20) 

The  predilution  section  of  this  combustor  deviated  consid¬ 
erably  from  the  standard  liner.  The  purpose  of  the  con¬ 
verging  section  was  to  induce  a  plug  flow  region  as  far 
upstream  as  possible.  This  extended- length  combustor  main¬ 
tained  the  standard  fuel  injector  and  dome,  but  the  primary 
air  holes  were  located  on  the  canted  surface  of  the  predilu¬ 
tion  zone  throat  and  thus  injected  the  primary  air  in  an 
upstream  or  reverse- flow  direction.  It  was  hoped  that 
injecting  the  primary  air  in  this  manner  would  increase 
the  primary- zone  mixing. 

10.  Tangential- Swirl- Dome  Extended* Length  Liner  (Figure  21) 

In  this  design  the  liner  dome  was  replaced  with  a  tangen¬ 
tial  swirler  through  which  passed  all  of  the  primary  zone 
air.  The  first  row  of  holes  in  the  standard  extended- length 
liner  section  was  closed.  The  second  and  third  rows  of 
holes  remained  unchanged.  A  standard  fuel  injector  was 
used.  It  was  hoped  that  the  tangential  swirler  would  pro¬ 
duce  increased  mixing  and  recirculation  in  the  primary  xone. 
This  combustor  had  the  same  overall  length  as  the  standard 
extended- length  liner:  6  inches  longer  than  the  production 
T63-A-SA  liner. 

11.  Radial-SwirL  Primary- Zone.  Extended-Length  Liner  (Figure  22) 

This  combustor  was  similar  to  the  tangential-dos»e  swirler 
configuration  (Concept  10).  It,  too,  was  extended  length 
with  «  standard  Injector, but  instead  of  a  tangential 
swirler,  a  radial  swirler  injecting  the  same  volume  of 
primary  sir  was  used. 

12.  Rich- Pramlx/Swlrl-Ooma.  Extended-Length  Liner  (Flairs  23) 

This  combustor  configuration  was  an  attempt  to  operate  a 
combustor  liner  at  above  stoichiometric  fuel-air  mixtures 
in  the  primary  sons  to  inhibit  the  formation  of  NOL. 

This  was  accomplished  by  creating  a  fuel-rich  swirl- 
stabilised  mixture  in  a  premix  aup  having  a  radial  swirler 
concentric  with  the  standard  fuel  injector.  This  rich 
mixture  was  stabilised  by  the  sudden  expansion  at  the 
entrance  to  the  reaction  sons  mid  quenched  by  a  row  of  holes 
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CANTED  UPSTREAM 
PRIMARY  FLOW 


Figure  20.  Plug-Flov/Canted-Prlmary ,  Extended-Length 
Preliminary  Combustor  Liner. 


STRONG  RECIRCULATION 
PLOW  PATTERN 


Figure  21.  Tangentlal-Swlrl,  Extended-Length 
Preliminary  Combustor  Liner. 
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STRONG  RECIRCULATING 
FLOW  PATTERN 


DOME  SWIRLER 
(ADMITS  ALL 
PRIMARY  AIR) 


Figure  22.  Radial-Swirl ,  Extended-Length  Preliminary 
Combustor  Liner. 


Figure  23.  tich-Premix/Swirl-Oome,  Extended-Length 
Preliminary  Combustor  Liner. 


located  downstream  of  the  reaction  zone.  The  concept  was  that 
the  fuel  rich  primary-zone  would  retard  the  NOx  formation  and 
the  sudden  quench  would  quickly  reduce  the  reaction  temperature 
to  a  level  below  rapid  NO  formation  temperatures.  The  ex¬ 
tended  length  would  consume  the  CO,  CxHy,  and  particulates 
as  before,  resulting  in  reductions  in  all  emissions. 

Pepper -Pot- Dome.  Extended-Length  Liner  {Figure  24) 


The  pepper-pot  dome  combustor  was  conceived  to  apply  the 
conclusion  that  low  N0X  would  result  from  rapidly  mixed, 
small-primary-xone  recirculation.  This  approach  was 
applied  by  designing  the  primary  zone  to  have  all  of  the 
inlet  air  enter  through  a  multiplicity  of  small  orifices 
In  the  liner  dome.  These  orifices  would  induce  short 
penetration  jets  into  the  liner  through  the  fuel  spray, 
forcing  the  reaction  to  occur  in  a  small  volume  adjacent  to 
the  liner  dome.  Convection  predilution  zone  cooling  was 
used  to  avoid  quenching  the  CO,  CxHy,  and  particulate 
reactions  in  the  extended-length  combustor.  A  conventional 
fuel  Injector  wa<*  used. 


The  delayed-quench  combustor  was  a  third  version  of  a 
primary-hole  axial  location  Investigation  which  was 
searching  for  NOx  reduction  by  repositioning  the  axial  lo¬ 
cation  of  the  primary  holes.  The  early  quench  (Concept  5) 
and  the  extended  length  (Concept  1)  were  identical 
combustors  having  different  axial  positions  of  the  primary 
holes. 

Premix/Pre  vaporisation,  Extended-Le.igth  Liner  (Figure  26) 

This  combustor  concept  utilised  a  premlx/pre vaporisation 
tube  section  upstream  of  the  primary  section  to  premia  the 
fuel  and  primary  air  and  to  prevaporise  the  fuel  before 
entering  the  reaction  sons.  This  premix/prevaporlsation 
feature  was  to  improve  combustor  homogeneity  and  to  avoid 
fuel  droplet  burning  in  en  ex tended- length  combustor. 
Additional  features  of  this  concept  were  sudden  expansion 
for  flame  stabilisation,  lean  primary  sons  to  minimise  NO 
formation,  delayed  dilution  to  consume  the  CO,  CgHy,  and  * 
particulates,  and  convection  cooling  instead  of  film 
cooling  to  avoid  quenching  the  CO,  C  H,  and  carbon  reactions 
in  the  cool  air  film.  y 


The  fuel  prevaporisation  approach  was  further  explored  with 


SMALL-SCALE  RECIRCULATION 
WITH  RAPID  FUEL/AIR  MIXING 


Flpn  2S.  D*i«ytd-Qu«nch ,  CxtMM4«igtii 
Pnilaloary  Coabuttor  Liner. 
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Figure  26.  Premix/Pre  vapor  is*  tion  ,  Extended- Length 
Preliminary  Combuetor  Linar. 


Fuel  on  Mall 


Figure  27.  Pre chamber,  Extended-Length  Preliminary 
Combuetor  Liner. 


a  different  vaporization  mechanism  in  the  prechamber  com- 
bustor.  In  this  concept  the  fuel  was  vaporized  off  the 
inside  surface  of  a  premix  tube.  A  high-velocity  mixture 
of  inlet  air  and  combustion  gases  supplied  the  heat  of 
vaporization  to  the  fuel  and  mixed  with  the  vaporized 
fuel  prior  to  combustion.  The  homogeneity  of  the  fuel- 
gas  mixture  was  to  reduce  all  emission  constituents:  the 
NOx  by  the  reaction  zone  design,  and  the  CO,  CxHy,  and 
carbon  by  the  extended  length  prior  to  dilution  quench. 


A  final  primary  hole  design  was  investigated  with 
the  "optimum  primary"  concept.  A  six-hole  pattern 
of  primary  boles  in  the  conventional  axial  location 
replaced  the  standard  twelve- hole  pattern.  The  concept  in 
this  reduction  in  th<?  number  of  primary  holes  for  the  same 
air  input  was  that  the  larger  jets  of  air  would  penetrate 
the  primary  zone  more  energetically,  thus  improving  the 
mixednes^  and  recirculation.  The  extended  length  was  re¬ 
tained  for  consumption  of  the  CO,  N0x,  and  carbon. 

The  majority  of  the  recommended  combustors  were  6  inches  longer 
than  the  standard  T63-A-SA  combustor.  It  was  predicted  in  Task  2 
that  this  added  length  could  significantly  reduce  CO,  CxHy,  and 
smoke.  Those  designs  described  above  which  could  maintain  the 
reduced  CO,  <*Hy,  and  smoke  while  reducing  the  NO*  were  candidates 
for  further  design  modifications  to  shorten  the  combustor  liner 
aa  much  at  possible  and  still  meet  the  emission  reduction  goals 
while  not  degrading  the  combustor  pressure  loss,  stability  or  exit 
temperature  profile.  These  decisions  were  made  after  the  above 
preliminary  concepts  had  been  fabricated  and  tested. 


Six-Hole  Pattern  Primary 


Figure  28.  Optimum  Primat-y,  Extended-Length 
Preliminary  Combustor  Liner. 


TASK  3  -  TEST 


The  experimental  testing  phase  of  this  program  was  to  obtain  experi¬ 
mental  emission  and  combustor  performance  data  in  a  combustor  test 
rig  which  simulated  the  T63-A-5A  gas  turbine  engine.  The  combustor 
rig  testing  accumulated  673  data  points  taken  during  246:40  hours 
of  burning  time  on  31  different  combustors.  The  combustors  tested 
were  of  three  general  types,  listed  below: 

*  Baseline  T63-A-5A  Combustors 

3  Tested 

*  Preliminary  Low-Emission  Combustors 

17  Tested 

*  Final  Low-Emission  Combustors 

11  Tested 

•  Prechamber 

8  Tested 

•  Modified  Conventional 

3  Tested 

The  Task  3  results  reported  in  this  section  are  discussed  in  the  four 
areas  in  which  the  work  was  performed: 

*  Experimental  System  Description  -  A  description  of  the  facility, 
instrumentation,  and  combustor  test  rig  used. 

*  Baseline  Combustor  -  A  discussion  of  the  T63  non regenerative 
and  regenerative  combustor  experiments  conducted  to  establish 
baseline  combustor  emissions,  and  a  correlation  between  combustor 
rig  and  available  engine  emissions  data. 

*  Evaluation  of  Preliminary  Combustors  -  A  discussion  of  the  de¬ 
sign  and  test  results  from  the  seventeen  preliminary  low-emis¬ 
sion  combustor  liners  evaluated  to  assess  one  or  more  low- 
emission  concepts. 

*  Evaluation  of  Final  Combustors  -  A  discussion  of  the  design 
and  test  results  from  the  eight  "Prechamber"  low-emission 
combustors  and  the  three  "Modified  Conventional"  low- 
emission  combustors  relative  to  their  satisfying  the 
objectives  set  forth  for  this  combustor  program. 
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Experimental  System  Description 

The  combustion  experiments  were  conducted  in  the  DDA  Combustion 
Research  Laboratory.  In  addition  to  the  combustion  experiments, 
some  of  the  liners  were  tested  in  cold-flow  air  experiments.  Both 
the  cold-flow  experimental  system  and  the  combustion  experimental 
system  are  described  in  the  following  sections. 

Cold-Flow, Experimental  System 

The  cold-flow  experimental  system  provides  qualitative  data  on  the 
aerodynamic  flow  pattern  in  the  combustor  liners.  It  provides 
some  insight  into  where  the  air  goes  after  entering  the  combustor 
liner.  As  shown  in  Figure  29 ,  the  combustor  liner  is  inserted  into 
the  plenum  which  is  fed  with  air  at  ambient  temperature  and  slight¬ 
ly  above  atmospheric  pressure.  The  flow  rate  during  the  tests  is 
set  to  simulate  the  actual  flow  factor, 

every 

V  p  ' 

which  is  encountered  in  hot- flow  combustion  experiments.  A 
plate,  coated  with  a  mixture  of  kerosene  and  carbon  black, 
contoured  to  the  shape  of  the  combustor  is  installed  in  the  liner 
through  the  exit.  The  airflow  rate  is  then  established  and  main¬ 
tained  until  the  flow  pattern  is  imprinted  on  the  plate,  as 
shown  in  Figure  30  for  the  T63-A-5A  conventional  combustor  liner. 

Although  the  cold- flow  experiments  were  crude  and  provided  only 
qualitative  data,  the  results  were  valuable  in  assessing  the  aero¬ 
dynamic  flow  patterns  inside  the  combustor  liners.  Several  of  the 
low-emission  combustor  liner  deeigns  were  modified  based  upon  the 
cold-flow  results.  A  more  sophisticated  instrumentation  approach 
using  hot  wire  anemometry  has  been  used  in  the  past  to  measure 
quantitatively  the  3-D  flow  path,  but  this  approach  was  beyond 
this  program's  scope.  It  is,  however,  recommended  that  such  a  sys¬ 
tem  be  computerized  and  used  to  establish  the  3-D  aerodynamic 
flow  paths  in  combustor  liners .  Ideally,  the  tests  should  be  con¬ 
ducted  under  actual  combustion  conditions,  but  the  current  hot¬ 
wire  probes  cannot  withstand  the  temperature. 

Experiments!  S.yg.tsfl 

The  combustion  experiments  were  conducted  in  the  DDA  Combustion 
Research  Laboratory  using  JP-4  fuel  and  nonvitiated  (neat) 
air.  The  required  combustor  operating  conditions  were 
previously  selected  and  established  in  Task  1.  The  com¬ 
bustor  operating  conditions,  as  previously  presented  in  Tables 
IV  and  V,  vary  over  the  following  ran^e  of  conditions: 
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Figure  29.  Cold-Flow  Experimental  System. 


R«produc«d  from 
bttt  oviUjblo  copy. 


Conventional  T63-A-5A  Combustor  Flow  Tracing 


r 


Combustor  Inlet  Temperature 
Combustor  Inlet  Pressure 
Fuel/Air  Ratio 
Airflow  Rate 


300#to  970*F 
43  to  92.3  psia 
0.0080  to  0.0198 
1.76  to  3.22  lb/sec 


The  above  combustor  operating  conditions  could  be  readily  simu¬ 
lated  under  steady- state  conditions  in  the  DDA  Combustion  Research 
Laboratory.  Major  elements  of  the  facility  used  in  conducting  the 
experiments  were: 

*  Air  supply  system. 

*  Fuel  supply  system. 

*  Ignition  system. 

*  Data  acquisition  and  reduction  system. 

*  Emission  measurement  system. 

*  T63  combustor  test  rig. 

The  systems  and  experiments  were  remotely  operated  from  the  con¬ 
trol  room  shown  in  Figure  31  .  The  above-listed  combustion 
facility  elements  used  in  the  experiments  are  described  in  the 
following  paragraphs. 

Air  ,  Supply  avoLtan 

The  air  supply  system  provided  nonvitiated  air  at  the  required 
inlet  temperature,  pressure,  and  flow  rate  to  simulate  the 
engine  combustor  airflow  conditions.  This  systeovas  shown  in 
Figure  32,  includes  air  filter,  air  heaters,  airflow  control, 
pressure  control,  flow  metering,  and  exhaust  systems.  After 
the  air  passed  through  a  filter,  the  airflow  was  measured  with 
a  standard  ASME  flange  tap  orifice  plate.  A  throttling  valve 
controlled  the  airflow  rate.  An  oil-fired  Thermal  Research 
air  heater  and  a  bank  of  four  electric  heaters  in  parallel, 
rated  at  200  kw  each,  were  used  to  heat  the  combustor  inlet 
air  temperatures.  This  heater  system  la  capable  of  heating 
the  inlet  air  to  1S00*F.  However,  in  this  program,  the 
maximum  required  temperature  was  970*F. 

The  test  facility  can  accommodate  two  150-inch-long  teat 
sections.  Test  aection  connections  are  made  with  10-inch 
flanges  at  the  inlet  and  exhaust.  In  this  program,  the  T63 
test  rig  was  installed  in  one  of  the  ISO-inch  test  sections. 
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Figure  31.  Combustion  Research  Laboratory  Control  Room 


JP-h 

Figure  32.  Combustion  Research  Facility  Air  Supply  Schematic. 


The  exhaust  ducting  is  equipped  with  an  automatic  water  spray 
bar  system  for  cooling  the  exhaust  products  to  4S0*F.  The  ex¬ 
haust  gas  is  then  either  vented  to  the  atmosphere  or  ducted 
through  a  set  of  steam  ejectors.  With  this  system,  the  test 
section  static  pressure  can  be  controlled  over  a  range  of  pres¬ 
sures  from  9  in.  Hg  absolute  up  to  300  psia.  Altitude  simula¬ 
tion  was  not  required  in  this  program,  and  the  pressure  was  con¬ 
trolled  to  preselected  set  point  values  ranging  from  43  psia 
to  92.3  psia. 

fas*  Supply. ,&y,at.gm 

All  but  one  of  the  combustor  liners  in  this  program  were  tested 
on  JP-4  fuel;  the  remaining  liner  was  tested  on  gaseous  propane 
fuel.  The  JP-4  system  is  capable  of  supplying  fuel  at  a  maxi¬ 
mum  flow  r  >  te  of  2450  Ifa/hr  and  2000  psia.  These  were  more  than 
adequate  to  meet  the  fuel  flow  requirements  for  this  program.  The 
JP-4  was  stored  in  an  underground  tank  and  transferred  '  y  a 
boost  pump  to  a  high-pressure  pump  which  could  provide  a  maximum 
delivery  pressure  of  2000  psia.  The  JP-4  fuel  system  Incor¬ 
porates  a  surge  tank  and  feedback  system  to  eliminate  any 
potential  pressure  pulsations  in  the  fuel  flow  delivery.  JP-4 
flow  rates  were  measured  with  a  turbine-type  flowmeter  which 
had  been  calibrated  on  JP-4  fuel. 

The  gaseous  propane  was  supplied  by  a  bank  of  ten  cylinders  of 
liquid  propane.  The  delivery  pressure  was  limited  to  the  vapor 
pressure  of  propane, which  is  approximately  100  psig.  To  assure 
a  constant  delivery  pressure  and  flow  rate,  the  bank  of  pro¬ 
pane  cylinders  was  enclosed  and  convection  heated  by  a  forced, 
heated-air  system.  The  propane  flow  rate  was  measured  with  a 
turbine-type  flowmeter. 

IgfUUOD  fiyiigg 

The  combustor  liners  which  had  standard  T63-A-5A  primary  sones 
were  ignited  with  the  conventional  T63  spark  ignition  system. 

All  other  combustors  were  Ignited  with  DOA-dssigned  methane- 
oxygen  torch  igniters  to  ensure  Ignition  in  the  burner  without 
spending  a  significant  effort  on  Ignition  development  problems. 
After  s  stable  flame  was  obtained,  the  igniter  was  turned  off 
before  any  emission  or  performance  data  were  taken  for  the  co*w> 
bus tor  liners*  The  torch  igniters  ware  operated  at  sufficiently 
lean  fuel/air  ratios  to  assure  low  igniter  flame  temperatures  to 
avoid  any  damage  to  the  combustor  liners  during  ignition. 


Pnt«  toamisixioBL  and  Hntostton  tousm 

An  automatic  digital  data  acquisition  and  reduction  system  was 
used  In  this  program.  The  systm.  can  acquire  200  channels  of 
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input  test  data  in  15  seconds.  The  principal  components  of 
the  digital  data  acquisition  system  are  a  cross-bar  scanner, 
digital  voltmeter,  digital  computer,  high-speed  paper-tape 
reader,  teletype  printer,  and  high-speed  paper-tape  punch. 

The  digital  data  acquisition  system  operates  as  follows. 

*  The  scanner  (as  programmed  by  the  computer)  steps 
through  the  200  data  channels  and  feeds  the  signals 
to  the  voltmeter.  The  only  restriction  is  that  the 
input  data  must  be  in  the  form  of  either  voltage  or 
frequency. 

*  The  digital  voltmeter  reads  the  signals  as  received 
and  sends  them  sequentially  to  the  computer. 

*  The  digital  computer  reduces  the  raw  data  to  engineer¬ 
ing  units,  such  as  pressure  and  temperature.  The  com¬ 
puter  also  operates  on  the  data  to  calculate  the  desired 
flow  parameters,  such  as  airflow  rate,  fuel  flow  rate, 
fuel/air  ratio,  percent  pressure  drop,  and  emission 
indices. 

*  The  calculated  data  are  then  printed  out  by  the  teletype 
or  can  be  logged  by  the  high-speed  punch. 

The  cross-bar  scanner  is  a  Hewlett-Packard  2911A/B  200-channel 
unit.  The  voltmeter  is  a  Hewlett-Packard  2402A  integrating 
digital  voltmeter.  The  computer  is  a  Hewlett-Packard  Hodel 
2116B  with  16, 000  words  of  memory.  The  computer  is  equipped 
with  a  high-speed  paper- tape  reader. 

A  data  acquisition  program  was  written  for  this  program  to 
acquire  electrical  signals  from  the  various  types  of  instru¬ 
mentation  and  to  convert  those  signals  to  the  corresponding 
engineering  units.  Once  converted,  those  data  were  used  in 
the  dats  reduction  program  to  calculate  paremetera,  such  as 
fuel  flow,  airflow,  fuel/air  ratio,  emission  indexss,  pressure 
loss,  temperature  profile,  temperature  pattern  factor,  end 
other  parameters  of  interest.  Some  of  the  data  was  printed 
out  during  the  test,  such  as  in  Table  XVIII.  The  top  group  of 
date  in  Table  XVIil  was  to  achieve  the  desired  "set-point"  flow 
condition#.  When  the  required  flow  conditions  were  achieved, 
the  full  data  acquisition  was  initiated.  Parameters  of  inter¬ 
est  were  then  immediately  "printed  out"  as  shown  in  the  lower 
half  of  Table  XVIII.  A  complete  listing  of  data,  containing 
more  detailed  data  ae  shown  in  Table  XIX,  was  typed  out  immedi¬ 
ately  after  the  test. 

The  dats  reduction  calculations  for  several  items  shown  in 
Table  XIX need  to  be  clarified.  Theta  are  the  calculation  of 
combustion  efficiency,  chemical  fuel/sir  retict  and  emission 
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TABLE  XVIII.  TYPICAL  DATA  PRINT-OUT  DURING  TEST 


#rr  aM  comoitions 

m 
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r/A 

40T 
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AATTUM 

OCtTA  A 
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MM 
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l.tlt* 
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MM 

40.  <3 
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37*. 

.41*74 
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.33734 
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MM 
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43.  It 
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l«**44 

I.t7«t 
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9.7*3 
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377. 
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1.1793 
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•♦93* 

*3.*# 

377. 
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l»*4lt 
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3.7*3 

MU 
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377. 

.41*74 
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1*1744 
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3*4. 
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HMI4 

1.14*4 
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••34* 

43<f* 

377. 

.4134* 
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1.84*7 

1*1494 

•34444 

3.444 

MM 
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377. 

•41313 

1311. 

1  .*347 

1.1377 

.33447 

9*473 

!  *.*49 
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377. 
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1343. 

i.«m 

1*1444 

•314*4 

3.47* 
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377. 

.01344 

1307. 

l.ft*S* 

1.1497 

.3*341 

9**41 

••344 

43.74 

377. 

.41303 

1344. 

t.«ll* 

1.1473 

.34374 
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MM 
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1343. 

I.M41 
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.3*777 
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too  m 
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1  4A»  l>U] 
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1  A/A  OATIO*  .41311  «•  liltM 

TMtTA* 

*31717 
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TABLE  XIX,  TYPICAL  DATA  PRINT-OUT  2MEDIATELY  AFTER  TEST 


m  C0*IUST0«  ESPtSIMINTS  *  lit  5/U  9«,  tut  suits  is,  reading  •  70S 
Til  mcmilll  FINAL  OESIGN,  MOO  »i*  run  sto.  cycle  on  NALL  run  nohli 
TEST  OATH  7-18-78  RCAOINS  NAS  TAKEN  AT*  1849138  HOURS 

CYCLE  POINT  a  OS  poner  setting 


•*«•«  EXPERIMENTAL  CONDITIONS  #•••• 

BURNER  AIR  KUO*  t.S33  LS/SEC  AYS  BURNER  INLET  TEMP  997.  0E6  F 

AYS  BURNER  INLET  NRES  S3. 7  RSIA  AYS  BURNER  OUTLET  TEMP  1903.  DEC  f 

ays  burner  oelta  »  7, os  pressure  loss  a.7s  i 

OVERALL  P/A  RATIO  .R|JU  (F/  •*)  FUEL.FlOh  RATE  U9.9S  LS/HR 

AIR  LOAD  FACTOR  1,1830  "PATTERN  FACTOR  .31710 

SOT  NOT  SPOT  I  A  »7  •  tO»S.  0C6  F  HAS  SOT  /  AYS  »0T  1.0*93 

FUEL  INLET  TtNPfAATURI  133.  OCS  F  FUEL  INLET  PRESSURE  93, S  PSIA 

NEAT  LOAOlNS  PARAMETER  ,3l83»t*|7  ITU /HOUR /AT* /CUBIC  FOOT 


••••  OURNER  OUTLET  TEMPERATURE  SURVEY  •••• 

10  TEMP  10  TEHF  10  TIHP  10  TEMP  10  TEHP  10  TEMP  10  TtPP 
ANNULUS  t  «  U34,  S  t**4,  IS  14SS,  IS  133S,  84  132$,  S7  lS9R,  99  10S1. 
ANNULUS  2  4  1839,  7  1333,  IS  MSS.  Si  1387.  83  1370.  34  S9t.  37  1S8S, 
ANNULUS  3  8  USB,  14  14SS,  17  139*.  88  ISSI,  IS  lOOS.  38  809.  39  1970. 


LEFT  SIOE  •••  AIR  INLET  TU»C  CONDITIONS  «•* 

TOTAL  PRESSURE  S3.S7  RSIA  TOTAL  PRESSURE 

STATIC  PRESSURE  S3, 17  PSIA  STATIC  PRtStURE 

VELOCITY  delta  R  l, SI  VELOCITY  OELTA  P 

AJR  TEMPERATURE  357,  OCS  R  AJR  TEMPERATURE 

AIR  VELOCITY  111,84  FT/SEC  AIR  VELOCITY 

DIFFERENTIAL  PRESSURE!  ((LEFT  P-TOTAD*  (RIGHT  P-TQTAD1 


R16HT  SIOC 
89.74  PSIA 
89. 98  PSIA 
.73  *H« 

397,  OEG  F 
118.97  FT/SEC 
-.149  *H* 


AIR  FLO*  OATAi  R.RtF*  193*1  RSIA  OELTA  P«  9,99  •«  TnREF*  190,  OES  F 

fuel  systen  oatai 

fuel  f/n  prcoucacv  aai,  ri  volumetric  flq«  rate  tt.si  sal/nr 

fuel  PRESSURE  AT  F/N  180,8  PSIA  FUEL  Tt*P  AT  F/H  98,  OES  F 

M  MISCELLANEOUS  transducer  READINGS  It 
manifold  average  burner  outlet  total  pressure  s«,«t  psia 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  St, SC  PfU  (xDuCC*  •  11) 

SUMNER  0!FFiRfNTt«L  TOTAL  PRESSURE  7.43  "MS  (sOuCER  ■  19) 


•  chemical  analysis  risults  * 
SAS  SahrlU  Yaren  in  plan!  «t 


cot 

0,107  I 

08 

19,899  1 

CO 

154,7 

PPM 

CMS  *,7  PPN 

NO 

19,4  PPM 

*08 

8,9  PPM 

NOS 

75,3 

FPN 

CN0CN01R)  ♦  NCaiNOuvn 

NO 

39. t  PPM 

NCt 

.9  PPM 

NO* 

MM  A 

t  CnCm i luminescence  1 

EMISSIONS  iNOfiK,  LS/tSSt  LS  Futll  CO*  11,71  CHS*  ,31 

CNEMlLUMtNtSCtNCE  NOa*  4,81 «  NO I*  •  NOUt  NOS*  9. SB 


CALCUL4TC0  FCti/AIR  RATIO  FROM  CHEMICAL  ANALTSISl  .S19RS9 

CALCULATED  C0N8U At  10*  EFFICIENCY  FROM  CntMlCAL  ANALYSIS!  99.S9S9  S 
CNtCR  On  F/A  RATIO-  F/a  •  ,91(1*0  */0  08,  CalCULATEO  OS  •  10.038  S 

SHORE  IN0ER1  4 >'20 

saltiman  noi  •  3 i,s  e.r.e  3.87 

•  ••  •  mm  mmm  an  rn*  am  omsrrmr** 

REMARKS! 
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indexes.  The  combustion  efficiency  was  calculated  from  the 
exhaust  gas  analysis  data  by  the  following  equation: ^1 


frco(-121,74S)  ♦  frttr  (-879,347)  -  fr„n(38,880)-frMn  (14,564) 


HC 


NO’ 


NO- 


1  - 


(frC0  +  fr  cn  +  3  frUP)  (A) 


CO 


HC' 


(7) 


The  chemical  fuel/air  weight  ratio  was  calculated  as  (1)  * 
check  on  the  fuel  and  airflow  rate  measurements  and  (2)  a  check 
on  the  emission  gas  sampling  method  to  ensure  that  a  valid 
sample  is  obtained  from  the  exhaust.  The  chemical  fuel/air 
weight  ratio  in  hydrocarbon  fuel-air  reactions  was  calculated 
from  exhaust  gas  analysis  by  the  following  equation: 


|- 


■ 


r/\g« 


(frC0,  *  frC0  *  3  frHC>  (B) 


fr0j  *  ^COj*  frNOj*  0 


CO+frNO*(C^**C02*frCO  “  3 


frHC>] 


(*) 


In  the  above  equations,  fr*x  i»  th«  volume  fraction  of  the  com¬ 
ponent  as  reported  by  gas  analysis.  The  subscript  HC  is  un- 
buraed  hydrocarbons,  reported  as  C^Hg.  The  values  of  the  con¬ 
stants  (A),  (B),  and  (C)  are  listed  in  Table  XX  for  the  JP-4 
fuel  and  propane  fuel  used  in  this  program. 

The  emission  indexes  (Cl)  for  carbon  monoxide,  hydrocarbons, 
and  oxides  of  nitrogen  shown  in  Table  XIX  were  calculated  by  the 
following  equations. 


-i 

$ 


.  t 
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IW‘7*  "CS  W  S' 


w  wtiw'"’'' 


$ 

& 


28.011  CCQ  (1  +  F/A) 
EIC0  *  28,970  F/A 


(9) 


44.097  CH/c  (1  +  F/A) 
EIH/C  *  28,970  F/A 


(10) 


46.008  Cjq  (1  ♦  F/A) 
MUx 

28,970 


(11) 


The  volumetric  concentration  (C)  In  parts  per  million  of  N0x 
used  in  the  above  equation  was  the  sum  of  NO  and  NO2  as  meas¬ 
ured  by  the  NDIR  and  NDUV  instruments. 


TABU  XX. 

FUEL  CONSTANTS  FOR  CALCULATION  OF  COMBUSTION 
EFFICIENCY  AND  FUEL/A XR  RATIO 

Fuel  Constants 

-  Fuel 

- .  . A 

__  B  C 

JP-4 

263,070 

0.10154  0.9910 

Propane 

292,936 

0.1065S  1.3334 
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Most  of  the  emission  measurements  were  mide  on-line  using  the 
following  instruments. 


Carbon  monoxide  (CO) 

Carbon  dioxide  (C02) 

Oxygen  (02) 

Nitric  oxide  (NO) 

Nitrogen  dioxide  (N02) 

Total  nitrogen  oxides  (N0x> 

Unburned  hydrocarbons  (H/C) 

Smoke 


Instrument 

Beckman  Model  31SBL  NDIR 
(0-10Q  ppm  to  0-5000  ppm) 

Beckman  Model  31 5B  NDIR 
(0-5K  and  0-2590 

Beckman  Model  715  Electrochemical 

Transducer 

(0-596  and  0-2590 

Beckman  Model  315AL  NDIR 
(0-150  ppm  to  0-1500  ppm) 

Beckman  Model  i'  55  (long  path)  NDUV 
(0-100  ppm  to  U-2500  ppm) 

Air  Monitoring  Inc.  Chemilumines¬ 
cent  Analyzer  with  N0_  converter 
(0-1  ppm  to  0-1000  ppm) 

Beckman  Model  402  THC  Analyzer 
(FID) 

(0-2  ppm  C3  to  0-10,000  ppm  C3) 
SAE-ARP  1179  system 


The  on-line  emission  analysis  system  is  unique  in  design  and 
instrumentation.  The  system  consists  of  two  units:  an 
analyzer  console  and  a  control  console.  To  maintain  minimum 
sample  transport  time,  the  analyzer  console  is  located  in  the 
test  cell.  The  analyzer  console,  shown  schematically  in 
Figure  33,  contains  the  actual  gas  analysis  instrumentation 
and  is  electronically  connected  tc  the  amplifier/readout  units 
in  the  control  console  located  in  the  control  room  (Figure  31) . 
In  addition  to  the  readout  urits,  the  control  console  provides 
flow  control  to  the  analyzer  and  the  sample  bypass. 

The  gas  sample  line  from  the  test  section  to  the  analyzer  con¬ 
sole  was  Teflon-1*  ’d,  stainless-steel  tubing  heated  to  37S*F. 
Suitable  filters,  ..ondensers,  and  driers  were  provided  in  the 
aitalyzer  console  to  assure  accurate  measurements. 


Figure  33.  On-Line  Emission  Analysis  System  Schematic. 


The  on-line  instruments  were  calibrated  through  the  use  of 
calibration  gases.  Gases  were  available  to  provide  normally 
five  calibration  points  per  analyzer  range.  The  actual  gas 
concentrations  were  determined  by  the  vendor  and  cheeked 
by  the  DDA  Physical  Chemistry  Research  Section. 

The  major  problem  encountered  in  the  operation  of  the  o: -line 
instruments  occurred  with  the  AMI,  Chemiluminescent  N0X  in¬ 
strument.  Its  operation  was  not  reliable,  and  during  many 
of  the  tests  it  was  not  used  because  it  was  being  modified 
or  repaired. 

In  addition  to  the  on-line  emission  instruments ,  grab  samples 
were  obtained  and  analyzed  by  the  modified  Saltzman  technique 
to  determine  HO  »  This  wet-chemical  procedure  was  developed 
originally  as  axdblorimetric  microdeterminatio  of  the  con¬ 
centrations  of  Hd2  in  the  atmosphere.  It  has  been  adapted  to 
exhaust  gas  measurements  by  allowing  the  complete  oxidation  of 
NO  to  NO2  prior  to  analysis.  The  standard  Saltzman  reagent 
was  U8ed,and  the  results  were  analyzed  with  a  Beckman  Model  5 
spectrophotometer. 

Three  systems  were  thus  used  in  this  program  to  measure  the 
N0X  emissions.  Based  upon  experience  in  this  program,  it  was 
concluded  that  above  20  ppm  of  N0x,the  NDIR  plus  NDUV  instru¬ 
ments  gave  the  most  accurate  data;  below  20  ppm,  the  modified 
Saltzman  technique  is  the  most  reliable,  accurate  method. 

All  the  combustors  in  this  program  were  tested  in  a  T63  combus¬ 
tor  test  rig  as  shown  in  Figure  34, which  exactly  simulated  the 
flow  path  and  dimensions  of  the  TS3-A-SA  engine.  The  inlet  air 
feed  arms,  outer  combustor  case,  and  turbine  inlet  section  pieces 
were  actual  T63-A-5A  engine  components. 

In  the  early  experiments  in  this  program,  the  emissions  were 
measured  in  two  axial  locations.  The  first  location  was  at 
the  turbine  inlet  section  as  shown  in  Figure-  35.  Thirty-two 
ports  were  provided  as  shown  in  Figure  35,  to  sample  the  com¬ 
bustor  exhaust  gas.  These  consisted  of  eight  probes  installed 
at  equally  spaced,  circumferential  locations,  and  each  of  the 
eight  probes  had  four  ports  located  radially  to  provide  equal 
area  sampling.  The  thirty-two  ports  all  fed  into  a  common 
manifold  external  to  the  rig.  From  the  common  manifold,  the 
gaees  passed  through  the  heated  gas  sample  line  to  the  analyzer 
console.  In  addition  to  the  gas  sample  ports,  the  turbine  in¬ 
let  instrumentation  plane, as  shown  in  Figure  35, contained  two 
combustor  outlet  pressure  probes,  twenty-one  C-A  thermocouples, 
and  four  engine  thermocouples. 
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In  addition  to  the  instrumentation  plane  at  the  turbine  inlet, 
a  gas  sample  plane,  as  shown  in  Figure  36,  was  located  8  inches 
downstream  from  it.  This  downstream  instrumentation  plane 
contained  four  probes  with  four  ports  in  each  probe.  The 
probes  were  equally  spaced  on  the  circumference,  and  the  ports 
were  located  on  the  radius  to  provide  equal  area  sampling.  In 
addition  to  the  four  probes,  an  isokinetic  probe,  as  shown  in 
Figure  36,  was  installed  in  the  center.  Test  results  obtained 
in  this  program  showed  that  the  emissions  measured  in  the  tur¬ 
bine  inlet  plane  were  essentially  the  same  as  those  measured 
at  the  downstream  location.  Therefore,  the  downstream 
gas  was  not  sampled  in  subsequent  experiments.  The  fact 
that  additional  carbon  monoxide  and  hydrocarbon  reactions  did 
not  occur  with  the  additional  residence  time  was  due  to  the 
relatively  low  ccn’hustor  outlet  temperatures  of  less  than 
1900*F. 

During  the  program,  the  turbine  inlet  centerbody  was  modified, 
as  shown  in  Figure  37,  to  install  a  quartz  window.  A  peri¬ 
scope  was  then  installed  as  shown  in  the  figure  so  that  the 
flame  could  be  watched  during  the  tests.  As  shown  in  Figure  38 
the  viewing  path  was  directly  upstream  into  the  combustor. 

The  centerbody  installation  was  designed  for  rapid,  easy 
replacement  of  the  quartz  window.  Another  design  feature 
was  that  the  window  was  swept  with  air  to  avoid  deposit 
buildup  during  the  experiments.  This  air  was  turned  off 
prior  to  making  any  emission  measurements.  An  interesting 
observation  during  the  program  was  that  even  without  any  air 
on  the  window,  it  remained  free  of  deposition  and  erosion 
when  smoke-free,  low-emission  oambustors  were  tested.  On 
conventional  and  other  high-emission  combustors,  the  quartz 
window  was  pitted  (eroded)  and  dirty  after  the  experiments 
and  required  frequent  replacement.  Therefore,  it  is  specu¬ 
lated  that  a  low-emission  combustor  will  provide  longer-life 
turbines. 


Figure  37.  Periscope  Assembly  end  Modified  Turbine  Inlet  Centerbody 


Pariacope  Viewing  Path  Through  Quarts  Window 
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The  nonregeneretive  I63-A-5A  gas  turbine  engine  combustor  liner  was 
the  baseline  combustor  liner  used  on  this  contract.  It  was  against 
the  emissions  measured  on  this  combustor  liner  that  all  low-emis¬ 
sion  combustor  liners  were  compared.  A  photograph  of  the  baseline 
T63  liner  is  shown  in  Figure  39.  The  standard  T63  production  combustor 
system  consisted  of  a  dual-orifice  pressure  atomizing  fuel  injector 
located  in  the  center  of  the  liner  dome,  a  capacitive  discharge 
spark  igniter  located  in  the  liner  dome  1.25  Inches  off  the  liner 
axial  centerline,  and  a  "can"  type  film-cooled  combustor  liner. 

The  T63-A-SA  combustor  liner, shown  in  Figure  39,  is  9.56  inches 
long  overall.  The  liner  has  film  cooling  in  the  dome,  one  film¬ 
cooling  annulus  at  the  dome  exit,  and  one  final  film-cooling 
annulus  of  identical  geometry  located  1.83  inches  downstream  of 
the  first  film-cooling  annulus.  Liner  hole  sizes  and  locations  are 
summarized  in  Table  XXI.  Using  the  dimensions  in  Table  XXI, 
the  resulting  liner  airflow  splits  based  upon  effective  areas 
through  the  liner  are  tabulated  in  Table  XXII. 

The  similarity  between  T63  engine  measured  emissions  and  test  rig 
measured  emissions  in  shown  in  the  comparison  curves  in  Figures  40 
through  42  for  CO,  CxHy,  and  NO*.  For  particulates  the  mass 
generation  rates  were  plotted  instead  of  smoke  index*  see  Figure  43. 

In  general,  the  engine  hydrocarbons  and  particulates  were  somewhat 
higher  than  the  levels  measured  on  the  combustion  rig,  but  carbon 
monox ids  and  nitrogsn  oxidsa  were  slightly  lower.  Compering  the 
emission  index  values  computed  from  these  emission  concentrations, 
Table  XXIII,  the  total  emissions  from  engine  end  rig  measurements 
were  nearly  identical:  32,933  lfa/1000  lb  fuel  for  the  engine  end 
32.94$  lb/1000  lb  fuel  for  the  rig  test. 

The  baseline  T63-A-5A  combustor  liner  wee  tested  at  T63  regenerative 
engine  conditions  as  well  as  at  the  conventional  or  nonregeneretive 
conditions .  The  emissions  measured  during  these  testa  are  presented 
in  Table  XXIV  along  with  pressure  lose  end  temperature  profile 
results.  These  dats,  plotted  in  Figures  44  through  47,  show 
that;  operating  at  the  higher  reaction  zone  temperatures  of  the 
regenerative  combustor  conditions,  the  baseline  T63  combustor  liner 
produced  considerably  lees  CO,  C^Hy,  and  particulates  but  more  NO* 
emissions. 

Using  the  smission  dsts  from  table  XXIV  and  Figures  44  through 
47,  the  LOU  duty  cycle  amissions  indexes  for  the  baseline  combustor 
liner  at  nonregeneretive  end  regenerative  operating  conditions  were 
computed.  The  constituent  end  total  emission  index  values  are 
summarised  In  Table  XXV  along  with  the  average  fuel  flow  rates 
required  for  the  LOH  duty  cycle.  On  e  total  masa  basis,  the  base¬ 
line  combustor  produced  an  average  of  4.63  lb/hr  of  total  emissions 
at  nonregeneretive  combustor  operating  conditions,  but  only  2.21 
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TABUS  XXI.  T63-A-SA  LINER  -  DESIGN 


Axial 

Location 


Dome  Holes 
First  Cooling  Step 
Primary  Holea 
Second  Cooling  Step 
Trim  Holes 
Dilution  Holes 


11.8 

11-2 

26.4 

11.2 

15. 2 

24.2 

100.0 
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igur*  40.  tonragcnaratlv*  T63-A-SA  Coafcustor 
Hydrocarbon  Eolation  Data. 
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Oxides  of  Nitrogen  as  N02  -  PPM  (On-Line,  NDIR  +  NDJJV) 


Percent  Output  Horsepower 


Figure  42.  Nonregenerative  T63-A-SA  Combustor 
Nitrogen  Oxides  Emission  Data. 
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Figure  43.  Nonregenerative  T63-A-5A  Combustor 
Mass  Particulates  Generation  Rate 
Emission  Data. 


TABLE  XXIII. 

COMPARISON  OF  T63-A-5A  ENGINE  AND 
COMBUSTOR  RIG  EMISSIONS  FOR  THE  LOH 

DUTY  CYCLE 

T63  Combustor  Ria 

T63  Engine 

Emission 

lb/1000  lb  Fuel 

96 

1 fa/1000  lb  fuel 

% 

CxHv 

1.544 

100 

2.467 

160 

CO 

26.094 

100 

25.784 

99 

«* 

S.068 

100 

4.118 

81 

Particulates 

.239 

100 

.564 

236 

Total 

32.945 

32.933 
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TABLE  XXIV.  COMPARISON  OF  T63  BASELINE  LINER  EMISSIONS/COMBUSTOR 

PERFORMANCE  AT  (1)  NONREGENERATIVE  AND  (2)  REGENERATIVE 
COMBUSTOR  OPERATING  OOtOITIONS 


I.  Conventional  Liner- Nonregenerative 
Conditions 

A.  Emissions 

CO,  PPM  1892 . 7 

H/C,  PPM  100.0 

N0X,  PPM  (On-Line,  NDIR  &  NDUV)  17.0 

N0X,  PPM  (On-Line,  CL)  17.2 

N0X,  PPM  (Saltzman)  18.5 

Smoke  Number  3 . 

B.  Pressure  Loss  (X)  4.63 

C.  Temp.  Profile  (T/T  J 

'  max  avg 


II.  Conventional  Liner-Regenerative 
Conditions 

A.  Emissions 

CO,  PPM 
H/C,  PPM 

N0X,  PPM  (On-Line,  NDIR  &  NDUV) 
N0X,  PPM  (On-Line,  CL) 

N0X,  PPM  (Saltzman) 

Smoke  Number 

B.  Pressure  Loss  (%) 

C.  Temp.  Profile  (T  /T  ) 

r  '  max  avg 


Cycle  Point 


6 

5 

4 

3 

2 

651.5 

495.5 

382.9 

214.1 

74.7 

37.0 

15.8 

4.1 

0.7 

0.6 

32.0 

41.1 

45.6 

58.0 

81.0 

23.4 

32.6 

40.7 

56.3 

80.6 

27.8 

37.1 

45.8 

61.3 

90.6 

7. 

12. 

17. 

2S. 

30. 

4.51 

4.53 

4.44 

4.38 

4.14 

1.142 

1.120 

1.113 

1.104 

1.065 

242.5 

196.8 

142.9 

3S.8 

38.0 

2.6 

1.6 

1.5 

3.3 

1.5 

33.6 

39.4 

53.8 

75.8 

102.9 

.83 

1.35 

2.05 

4.50 

2.50 

6.52 

7.00 

6.85 

C.27 

6.64 

1.085 

1.079 

1.063 

1.065 

1.050 

Hydrocarbons  as  C^H 


Figure  44.  Conventional  T63-A-5A  Baseline  Combuator 
Hydrocarbon  Emission  Test  Rig  Data. 
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Carbon  Monoxide 


Figure  45.  Conventional  T63-A-SA  Baaallna  Combustor 
Carbon  Monoxide  Emission  Test  Rig  Data. 


i  10  20  jO  40  50  60  70  80  90 

Percent  Output  Horsepower 

Figure  47.  Conventional  T6J-A-5A  Baaalina  Combustor 
Smoke  Number  Emission  Test  Rig  Data. 


ZABLE  XXV.  LOH  DUTY  CYCLE  EMISSIONS  FOR  THE 
BASELINE  T63-A-5A  COMBUSTOR  LINER 


Emission  Index  (lb  amiss lon/1000  lb  fuel) 


Emission 

Nonragenarativa 
Combustor  Conditions 

Regenerative 
Combustor  Conditions 

C*V 

1.544 

.378 

CO 

26.094 

13.804 

NOx 

5.068 

8.412 

Particulates 

.239 

.040 

Total 

32.945 

22.634 

Average 

Fuel  Floe 

140.65  lb/hr 

97.64  IVhr 

lb/hr  of  total  emissions  at  regenerative  conditions,  based  on  the 
LQH  duty  cycle. 

The  conventional  T63-A-SA  con bus tor  baseline  test  was  the  first  com¬ 
bustor  operation  in  the  T63  combustor  rig  located  in  the  DDA  Research 
Laboratory  Combustion  Test  Facility.  Toward  the  end  of  the  contract 
a  baseline  combustor  retest  was  conducted  on  the  test  rig  with  a 
different  production  T63-A-SA  liner  and  a  different  production  fuel  » 
injector.  Certain  constituent  emission  levels  from  this  baseline  com¬ 
bustor  test  differed  substantially  from  the  emissions  from  the  initial 
test.  Investigations  after  this  baseline  retest  showed  that  the  liner 
met  production  tolerances,  but  the  fuel  injector  produced  an  unaccept¬ 
ably  large  variation  in  circumferential  flow  distribution.  A  new  fuel 
injector  was  obtained  and  flow-bench  tested,  verifying  that  its  per¬ 
formance  was  within  specifications.  Using  the  new  fuel  injector,  a 
second  retest  of  the  conventional  T63-A-5A  combustor  baseline  was  con¬ 
ducted.  Comparison  curves  for  the  exhaust  emissions  produced  during 
the  initial  baseline  16 3  combustor  test  and  the  second  retest  are 
plotted  in  Figures  48  through  SI.  Carbon  monoxide  and  hydrocarbon 
amissions  in  Figures  49  and  48  repeated  quite  well.  The  nitrogen 
oxide  amissions  plotted  in  Figure  SO  showed  a  definite  decrease  in 
the  retest  NDx  concentrations  at  each  operating  point. 

By  far  the  greatest  differences  were  observed  in  the  measured  smoke 
numbers,  see  Figure  SI.  The  recorded  smoke/ particulates  from  the 
retest  were  several  times  higher  than  the  initial  test  values  at  all 
operating  conditions.  Tabla  XXVI  summarises  the  amission  index 
values  computed  for  the  initial  teat  data  (11/9/71)  and  the  second 
retest  data  (7/31/72). 


There  were  no  conditions  in  tha  teat  rig,  the  teat  procedure,  or 
the  combustor  hardware  that  would  explain  the  change  in  NOx  end  smoke. 

The  good  repeatability  of  the  CO  and  Cgtijr  emissions  supports  tha  con¬ 
tention  that  there  were  no  major  mechanical  or  aerodynamic  differences 
between  the  tested  oombuators.  81 nee  the  Initial  test  was  conducted 
in  the  lata  fall  and  retests  were  conducted  in  tha  auamar,  the  effect 
of  seasonal  differences  on  the  combustor  inlat  air  or  changes  in  tha 
fuel  during  the  Interim  might  have  explained  the  changes  In  MDx  and 
smoke.  All  oombustor  testing  on  this  contract  was  performed  with 
JP-4  fuel,  the  DOA  Test  Department  had  conducted  amission  measure-  ' 
manta  on  another  engine  using  JP-S  fuel,  also  in  the  winter  and 
summer,  and  had  observed  similar  differences  in  NO*  and  smoke  between 
the  seasonal  testa.  It  was  therefore  discounted  that  changes  in  fuel 
had  caused  the  differences  in  MO*  and  smote. 

It  ia  known  that  water  vapor  has  a  significant  effect  on  nitric  oxide 
emissions.  32  With  this  phenomenon  in  mind,  relative  humidities 
for  the  teat  dates  of  the  baseline  combustor  were  obtained  from  OOA 
Facilities  Department  records  and  absolute  atmospheric  humidities 
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Fifftra  42.  Hcnraganaratlva  T63-A-SA  Conbuator 
Hydrocarbon  Ealasion  Data  Coiaparlcon 
for  Bacallna  Initial  teat  and  Sacond 
Reteat. 
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Figure  49.  Nonregenerative  T63-A-SA  Coabustor 

Carbon  Monoxide  Ealtsion  Data  Coapariaon 
for  Baaeline  Initial  teat  and  Second 
fteteat. 
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figure  SO.  Honr*g*ner»tive  T63-A-SA  Coabuator 

Nitrogen  Oxides  Emission  Date  Co*p*rl*on 
for  issellnt  Initisl  test  end  Second 
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TABLE  XXVI.  EMISSION  INDEX  SUtolARY  FOR 

CONVENTIONAL  T63-A-5A  COMBUSTORS 


Emission  Constituent 


Test  Date 


Particu¬ 

lates 


Total 

Emissions 


Actual  Emission  Index  fib/1000  lb  Fuel! 


11/9/71 


1.544  26.094 


5.068 


5.189 


32.945 

33.066 


7/31/72 


1.323 


25.080  4.241 


1.100 


31.744 


4.881 


32.384 


Relative  Emission  Index  (%  11/9/71  Levels! 
11/9/71  100  100  100 


7/31/72 


First  N0X  Line  is  for  On-Line  NDIR  +  NDUV. 
Second  N0X  Line  ia  for  Saltzman. 


experienced  during  each  test  were  determined.  It  was  found  that  the 
atmospheric  absolute  humidity  during  the  initial  baseline  test  was 
approximately  0.4%  and  during  the  second  retest  approximately  1.0%. 
the  trend  of  NO x  decrease  with  increasing  moisture  content  agrees 
with  the  predictions  published  by  Moore. ^2 

Although  the  fact  remains  to  be  proven  in  a  controlled  test, 
combustor  inlet  moisture  content  may  have  a  direct  effect  on 
the  smoke  generated  by  a  combustor  liner.  It  is  difficult  to 
accept  that  the  sole  cause  of  the  observed  smoke  increase  in  base* 
line  retests  was  a  small  increase  in  moisture  content  of  the  inlet 
air.  Future  testing  should  be  conducted  with  this  observation  in 
mind,  and  inlet  combustor  air  moisture  content  should  be  measured 
in  addition  to  the  standard  inlet  parameters 

Additional  information  concerning  the  conventional  T63-A-5A  combus¬ 
tor  liner  is  presented  in  Appendix  I. 
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The  following  seventeen  combustors,  each  incorporating  one  or  more 
selected  low-emission  concepts, were  designed,  fabricated  and  tested 
to  obtain  preliminary  emission  performance  data: 

"  Extended  Length 

*  Rien  Primary  Zone 

*  Air  Blast/Air  Assist 

*  Variable  Geometry 

*  Early  Quench 

*  Belayed  Dilution 

*  Delayed/Annular  Dilution 

*  Premix  Cup/Gaseous  Fuel 

*  Plug  Flow/Canted  Primary 

*  Tangential  Swirl 

*  Swirl  Dome 

*  Rich  Premix/Swirl 

*  Pepper-Pot  Dome 

*  Delayed  Quench 

*  Premix/Prevaporization 

*  Prechamber 

*  Optimum  Primary 

The  detail  designs  and  experimental  results  for  the  above  combustors 
are  presented  in  Appendix  II.  In  addition,  the  referenced  ODA 
reports  present  even  more  details  on  each  of  the  combustors. 

The  approach  in  this  phase  of  the  contract  was  to  obtain  a  low-cost, 
rapid  evaluation  of  each  of  the  low-remission  concepts.  The  best  con¬ 
cept  or  concepts  would  then  be  designed  info  the  final  configura¬ 
tion  (s)  as  discussed  in  the  next  section  and  Appendixes  III  and  IV. 
The  final  concepts  would  be  the  ones  specifically  designed  to  meet 
the  contract  objectives  using  the  information  and  technology  ob¬ 
tained  in  this  program  phase. 


All  seventeen  combustors  had  the  same  nominal  diameter  of  6.21 
inches  at  the  exit.  The  combustors  were  of  two  different  lengths. 
Some  of  them  were  the  conventional  T63-A-5A  length  of  9.56  inches; 
the  others  were  nominally  6  inches  longer,  or  15.56  inches  in 
length.  In  the  above  list  of  seventeen  combustors,  the  following 
four  combustors  were  the  conventional  length: 

*  Rich  Primary  Zone 

*  Air  Blast/Air  Assist 

*  Delayed  Dilution 

*  Delayed/Annular  Dilution 

The  longer  liners  were  selected  to  provide  additional  length  to 
separate  the  primary,  trim  (intermediate),  and  dilution  zones  to  re¬ 
duce  the  problem  of  intermixing  between  the  zones. 

The  low-emission  concepts  incorporated  into  each  of  the  combustors 
are  summarized  in  the  following  listing. 


ggjfffl  -feature  Ifll 


Extended  Length 


Rich  Primary  Zone 


Air  Blast/Air  Assist 


Variable  Geometry 


Increase  residence  time  in  the  inter¬ 
mediate  zone  to  consume  the  CO,  CxHy, 
and  carbon  with  only  small  increases  in 
N0X  and  thus  reduce  total  emissions 
significantly. 

Increase  the  primary  zone  equivalence 
ratio  from  conventional  0.77  to  1.0  and 
thus  reduce  the  CO  and  (^Hy  with  an 
increase  in  N0X  particulates. 

Reduce  fuel-rich  pockets  encountered 
with  conventional  pressure  atomizing 
fuel  injection  and  thus  reduce  parti¬ 
culate  levels  with  only  minor  changes 
in  other  emissions. 

Control  the  primary-zone  fuel/air  ratio 
to  the  optimum  for  minimum  emissions 
over  the  LOH  duty  cycle,  engine 
operating  conditions,  thus  reducing 
CO  and  CvHy  at  low  power  and  NGX 
and  particulates  at  high  power.  The 
primary  zone  equivalence  ratio  at  maxi¬ 
mum  power  could  be  varied  from  0.466  to 
1.54  compared  to  0.77  for  the  conven¬ 
tional  combustor. 
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cpnftMgftt? _ 

Early  Quench 


belayed  Dilution 


Delayed/Annular 

Dilution 


Premix  Cup/Gaseous 


Plug  Flow/Canted 
Primary 


Tangential  Swirl 


Swirl  Dome 


Rich  Premix/Swirl 


_ Low  Emission  Feature fs) _ 

The  primary  holes  were  moved  closer  to 
the  dome  to  reduce  the  prime ry- zone 
residence  time.  Reduction  of  time  at 
high  temperature  should  reduce  the  N0X* 

Same  concept  as  "Extended  Length"  com¬ 
bustor  except  somewhat  less  residence  in 
the  intermediate  zone  than  the  "Extended. 
Length"  liner  but  more  than  in  the 
T63-A-5A  conventional  combustor. 

Same  emission  reduction  concept  as  the 
"Delayed  Dilution".  An  annular  dilution 
zone  was  incorporated  to  improve  exit 
temperature  profile. 

Fuel  Incorporated  four  features:  (1)  fuel 
prevaporization,  (2)  fuel-air  premix, 

(3)  well-stirred  reactor  in  primary 
zone,  (4)  rapid  conversion  to  plug  flow. 

Well-stirred  (mixed)  primary  to  provide 
homogeneous  combustion  and  rapid  conver¬ 
sion  to  plug  flow  to  consume  the  CO, 

CxHy  and  carbon. 

Improved  mixedness  in  the  primary  zone 
by  setting  up  strong  recirculation  loop 
in  the  primary  zone  by  injecting  the 
primary  air  tangentially  on  the  wall  at 
45*  upstream  direct  ion,  thus  reducing 
hot-spot  (zone)  temperatures  and  N0X. 


Swirl  improves  the  mixedness 
and  reduces  the  local  hot-spot 
temperatures  in  the  primary  zone,  thus 
reducing  the  concentrations  of  N0X. 

The  same  low-emission  feature  as  the 
"Swirl  Dome"  except  a  premix  cup  was 
used  to  mix  the  fuel/air  and  partially 
vaporize  the  fuel  prior  to  the  main 
reaction  zone.  This  would  improve  the 
flame  homogeneity  -  reduce  hot  spots  - 
and  therefore  reduce  emissions.  Addi¬ 
tional  features  were  fuel- rich  (0*2.0 
at  max.  power)  operation  in  the  premix 
(precombustion)  cup  and  convection 
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Combustor 


Low  Emission  feature fsl 


Pepper-Pot  Dome 


Delayed  Quench 


Premix/Prevaporization 


Pre chamber 


Optimum  Primary 


cooling  instead  of  film  cooling.  The 
latter  feature  would  eliminate  the  quench¬ 
ing  of  the  CO,  C^Hy  and  C  reactions  in 
the  coolant  film. 

Establish  small-scale  recirculation  with  a 
rapid  conversion  to  plug  flow.  Task  2 
reaction  kinetic  studies  had  shown  this 
would  be  an  ideal  condition  for  minimum 
CO,  C*Hy  and  NQX  emissions.  Convection 
coolipg  in  the  primary  zone  instead  of 
film  cooling. 

Just  opposite  to  the  "Early  Quench",  the 
primary  holes  were  moved  aft  to  Increase 
primary-zone  residence,  which  should  re¬ 
duce  CO  and  (^Hy  but  increase  N0X.  Thus 
the  optimum  axial  location  of  the  pri¬ 
mary  holes  could  be  defined  for  minimum 
emissions. 

Premix/prevaporization  prior  to  the  pri¬ 
mary-zone  reaction  should  improve  the 
combustion- zone  homogeneity  and  avoid 
fuel  droplet  combustion  and  the  high, 
localized  temperatures  associated  with 
droplet  combustion. 

Same  low-emission  features  as  the 
"Premix/Pre vaporization"  combustor 
except  that  the  prechamber  has  swirl  to 
entrain  some  of  the  combustion  reaction 
products  to  assist  in  the  prevaporization 
of  the  fuel.  This  feature  is  necessary 
to  provide  pre vaporization  at  low  combus¬ 
tor  inlet  temperatures  below  the  fuel 
vaporization  temperature. 

The  concept  was  to  replace  the  conven¬ 
tional  twelve  holes  in  the  primary  sec¬ 
tion  with  six  holes  in  a  symmetric  pat¬ 
tern  with  the  same  total  hole  area. 

Analytical  studies  indicated  that  the 
optimum  number  is  six  for  maximum  pri¬ 
mary  zone  mixing  and  recirculation,  thus 
reducing  emissions  by  attaining  morp 
uniform  combustion. 
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The  seventeen  combustors  listed  above  were  tested  at  primarily  the 
T63-A-5A  non-regenerative  combustor  operating  conditions  pre¬ 
sented  in  Table  IV.  As  shown  in  that  table,  six  steady-state  operat¬ 
ing  conditions  were  defined  from  idle  through  maximum  power.  Most 
of  the  above-listed  combustors  were  tested  at  all  six  conditions, 
but  a  limited  number  of  combustors  were  tested  at  fewer  sets  of 
conditions  due  to  combustor  operational  problems.  However,  some  of 
the  combustors  such  as  the  "Variable  Geometry  Combustor"  were  tested 
at  many  variable- geometry  settings  and  at  both  nonregenerative  and 
regenerative  conditions.  Furthermore,  some  of  the  seventeen  combus¬ 
tors  were  modified  and  retested. 

Sixteen  of  the  combustors  were  tested  with  JP-4  fuel;  the  other 
combustor,  "Premix  Cup/Gaseous  Fuel?  was  tested  with  gaseous  pro¬ 
pane. 

The  experimental  results  from  the  seventeen  preliminary  combustors 
are  presented  in  Appendix  II.  From  the  experimental  data  as  pre¬ 
sented  in  Appendix  II,  the  total  emission  indexes  were  calculated 
for  the  seventeen  preliminary  low-emission  combustors.  The  calcu¬ 
lations  were  made  for  the  previously  defined  LOH  duty  cycle  and  the 
T63  nonregenerative  engine.  These  emission  indexes  were  then  com¬ 
pared  with  the  baseline  T63-A-SA  combustor  as  shown  in  Table  XXVII 
to  determine  relative  potential  for  meeting  contract  emission 
reduction  objectives.  These  objectives, as  previously  define^  are  to 
reduce  the  total  emissions  50#  without  an  increase  in  any  individual 
emission.  As  shown  in  Table  XXVII  ,  eight  of  the  preliminary 
combustors  met  the  SO#  total  emission  reduction  objective  but  only 
the  "Prechamber"  combustor  met  the  second  objective  of  no  increase 
in  the  individual  emissions.  However,  a  combination  of  some  of  the 
separate  low-emission  features  in  the  seventeen  preliminary  combus¬ 
tors  could  be  combined  into  a  combustor  to  meet  the  contract  objec¬ 
tives.  This  in  fact  was  done, and  two  final  combustors  were  selected 
from  this  preliminary  evaluation  for  experimental  testing.  These 
were  the  "Prechamber"  and  "Modified  Conventional".  The 
"Modified  Conventional"  incorporated  four  of  the  low-emission 
features  from  this  phase  of  the  program.  These  features  were 
air-blast  fuel  injection,  variable  geometry,  delayed  dilution,  and 
convection  cooling.  The  design  and  experimental  evaluation  of  these 
final  low-emission  combustors  are  discussed  in  the  next  section. 
However, before  proceeding  to  the  discussion  of  the  final  combustors, 
a  brief  disucssion  will  be  presented  on  the  preliminary  low-emis¬ 
sion  combustors. 

Two  of  the  combustors,  the  "Extended  Length"  and  "Delayed  Dilution, " 
were  designed  to  increase  the  residence  time  In  the  intermediate 
zone  -  the  zone  between  the  primary  holes  and  dilution  holes. 

The  intermediate  zone  length  was  1.5  inches,  7.5  inches,  sr.d  '!.?6 
inches  for  the  T63-A-5A,  "Extended  Length"  and  "Delayed  Dilution" 
combustors.  The  total  respective  lengths  for  the  combustors  were 
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TABU  JUVII,  RELATIVE  EMISSION  INDEX  PERFORMANCE  Of 
_ PRELIMINARY  LflfcBWKlON  CCMIUSTORS 
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9.S6  inches,  15. 56  inches,  and  9.56  inches.  There  was  a  signif¬ 
icant  effect  on  emissions  by  changing  the  intermediate  zone  length. 
The  emission  data  in  Table  XXVII  shows  that  the  total  emissions 
from  the  T63-A-5A  combustor  could  be  reduced  by  38%  by  the  simple 
modification  of  moving  the  dilution  holes.  This  was  accomplished 
within  the  same  total  combustor  liner  length, and  there  was  no 
increase  in  any  of  the  individual  pollutants.  A  further  reduction 
in  total  emissions  was  obtained  by  increasing  the  intermediate  zone 
length  to  7.5  inches,  but  to  achieve  this  the  total  liner  length 
was  increased  6  inches. 

The  effect  of  enrichening  the  primary  zone  in  the  "Rich  Primary 
Zone"  combustor  was  as  predicted.  The  conventional  T63-A-SA 
operates  at  0.77  equivalence  ratio  in  the  primary  zone  at  maximum 
power.  Increasing  the  primary  zone  equivalence  ratio  to  1.0  caused 
a  decrease  in  CO  and  CxHy  but  with  a  corresponding  increase  in  N0X 
and  particulates.  The  total  emissions  were  reduced  27%. 

The  main  advantage  of  the  "Air-Blast/Air-Assist"  fuel  injectors  was 
a  reduction  in  smoke.  In  general,  the  hydrocarbons  Increased  and  the 
CO  stayed  approximately  the  same.  The  NO*  decreased  slightly  due  to 
reduction  in  reaction  (flame)  temperature  and  improved  homogeneity. 
Therefore, if  air-blast  or  air-assist  fuel  injectors  are  compared 
with  high-performance  pressure  atomiser  fuel  injectors,  the  princi¬ 
pal  payoff  in  emissions  will  be  reduction  in  smoke.  The  total  emis¬ 
sions  as  shown  in  Table  XXVII  may  actually  increase. 

There  was  only  a  small  reduction  in  total  emissions  from  the 
"Variable  Geometry"  combustor  for  the  selected  LOH  duty  cycle.  The 
total  emissions  were  reduced  only  6%  compared  to  the  same  length 
combustor  ("Extended  Length"),  shorn  in  Table  XXVII.  This  6% 
reduction  compares  to  a  predicted  reduction  of  12%  in  Task  2.  This 
small  payoff  is  unique  to  the  selected  LOH  duty  cycle.  If  another 
duty  cycle  is  selected, the  emission  reduction  would  be  much  greater. 
For  example,  if  a  duty  cycle  is  selected  which  operates  50%  of  the 
time  at  idle  and  50%  of  the  time  at  maximum  power,  the  following 
emission  reductions  are  obtained  from  "Variable  Geometry"  as  com¬ 
pared  to  the  same  length,  "Extended  Length",  combustor: 

C  M  ——————  61%  reduction 

^  y 

CO - — - — - — — — 50%  reduction 

H0X  ———————  17%  reduction 

Total  Emission  — —  38%  reduction 

Even  more  dramatic  would  be  a  duty  cycle  in  which  the  only  emission 
control  requirements  are  CO  and  C^y  !<&•  power  and  N0X  at  maxi¬ 
mum  power.  For  this  type  of  operation,  variable  geometry  reduced 


the  CxHy  by  6796,  the  CO  by  5896,  and  the  NOx  by  2596*  These  reductions 
were  compared  to  the  "Extended-Length  Combustor",  which  already  had 
significantly  lower  emissions  than  the  conventional  T63-A-5A  combus¬ 
tor.  Compared  to  the  conventional  T53-.*-5A,  the  "Variable-Geometry" 
combustor  reduced  the  CxHy  by  8496  and  the  CO  by  7796.  However,  the 
N0X  increased  by  1196  due  to  the  longer  residence  time  at  intermediate 
temperature.  Variable  dilution  geometry  can  be  adapted  to  any  combus¬ 
tor  tested  during  thi  program.  The  fixed  geometry  combustors  which 
produced  substantial  emission  reduction,  such  as  the  "Rich  Premix/ 
Swirl"  and  the  Prechamber  combustors,  could  have  variable  geometry 
added  to  the  dilution  zone  and  realize  further  emission  reductions. 

The  effect  of  the  axial  location  of  the  primary  holes  was  investi¬ 
gated  in  two  combustors.  In  the  "Early-Quench"  combustor,  the  pri¬ 
mary  holes  were  moved  forward  0.64  inches;  in  the  "Delayed  Quench" 
combustor,  the  primary  boxes  were  moved  aft  1.10  inches.  Except  for 
these  changes,  they  were  both  exactly  the  same  as  the  "Extended- 
Length"  combustor,  and  the  data  should  be  compared  with  it*  As  shown 
in  Table  XXVII,  the  total  emissions  increased  by  moving  the  primary 
holes  either  forward  or  aft.  Therefore,  the  optimum  axial  location 
was  approximately  that  of  the  conventional  T63-A-5A  combustor.  This 
optimum  axial  location  was  approximately  one  primary  zone  radius 
downstream  from  the  dome.  The  axial  location  of  the  primary  holes 
does  have  a  significant  effect  on  the  total  emission  and  on  some  of 
the  individual  emissions,  as  shown  in  Table  XXVII,  and  it  is  impor¬ 
tant  to  establish  the  best  axial  location  for  the  primary  holes  in 
low-emission  combustors. 

One  of  the  combustors,  "Optimum  Primary",  was  desired  to  investigate 
the  effect  of  the  number  of  primary  holes.  Analytical  studies  had 
predicted  that  the  mixing  and  primary-zone  recirculation  would 
improve  by  using  six  primary  holes  instead  of  the  twelve  primary 
holes  used  in  the  conventional  T63-A-5A.  The  "Optimum-Primary"  com¬ 
bustor  was  the  same  as  the  "Extended-Length"  combustor  except  that 
the  "Optimum-Primary"  combustor  had  six  primary  holes  instead  of 
twelve.  As  shown  in  Table  XXVII,  there  was  a  small  reduction  in  total 
emissions  of  896  compared  to  the  "Extended-Length"  combustor.  There¬ 
fore,  the  number  of  primary  holes  does  have  a  small  effect,  but  it 
is  not  as  significant  as  the  axial  location  of  the  primary  holes. 

Four  of  the  combustors  Incorporated  various  design  approaches  to  pre¬ 
vaporize  the  fuel  and  premix  the  fuel  and  primary  air.  These  four 
were:  "Premix/Prevaporisation",  "Rich  Premix/Swirl",  "Premix  Cup/ 
Gaseous  Fuel",  and  "Prechamber."  As  shown  in  Table  XXVII,  the  "Pre¬ 
chamber"  was  the  best  of  these,  followed  closely  by  the  "Rich  Premix/ 
Swirl"  combustor.  Theoreticslly,  the  premix/prevsporization  combus¬ 
tors  should  offer  the  best  emission  reduction  potentisl  of  any  of 
the  concepts  tested  in  this  program.  Although  thay  did  not  attain 
the  quantitatively  predicted  reduction,  a  significant  reduction  was 
demonstrated,  and  the  reduction  was  better  than  it  was  with  any  of 
the  other  concepts.  The  main  problem  with  these  systems  la  to  design 
a  practical  system  to  vaporize  the  fuel  at  low  combustor  inlet  tarn- 
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peratures.  Two  potential  solutions  are  to  (1)  recirculate  some  of 
the  combustion  reaction  gases  either  internally  or  externally  to 
increase  the  average  inlet  temperature  or  (2)  prevaporize  the  fuel 
by  indirect  heat  exchange  such  as  an  immersed  fuel  line  in  the  pri¬ 
mary  zone.  The  best  approach  tested  was  the  "Preohamber",  which 
internally  recirculates  some  of  the  combustion  reaction  gases. 

Four  Combustors  designed  to  provide  intense  primary-zone  mixedness * 
recirculation,  and  rapid  conversion  to  plug  flow  were: 

*  "Plug  Flow/Canted  Primary" 

*  "Tangential  Swirl" 

•  "Swirl  Dome" 

•  "Pepper-Pot  Dome" 

The  analytical  studies  in  Task  2  had  shown  that  intense  recirculation 
with  rapid  conversion  to  plug  flow  should  reduce  the  emissions.  How¬ 
ever,  this  is  difficult  to  achieve  in  a  practical,  low-pressure- loss 
system.  Two  of  the  four  systems  of  this  type  tested  in  this  program 
showed  some  potential.  These  were  the  "Plug  Flow/Canted  Primary"  and 
the  "Pepper-Pot  Dome"  combustors.  As  shown  in  Table  XXVII,  the  Pepper 
Pot  Dome"  combustor  had  the  least  smoke  (particulates  of  any  of  the 
seventeen  combustors  except  the  "Prechamber"  combustor.  Further 
development  of  these  two  approaches  would  probably  lead  to  further 
reductions  in  the  emissions.  However,  other  concepts  such  as  the 
"Prechamber"  demonstrated  greater  potential  in  these  preliminary 
experiments.  Development  of  more  than  two  concepts  was  beyond  the 
scope  of  this  program. 

Another  low-emission  feature  incorporated  into  several  of  the  com¬ 
bustors  was  convection  cooling  instead  of  the  conventional  film 
cooling.  Although  this  feature  was  not  investigated  independently, 
experiments  in  other  low-emission  programs  at  DDA  have  shown  that 
the  00,  CgHy,  and  particulate  emissions  are  reduced  by  the  elimina¬ 
tion  of  film  cooling.  With  film  cooling,  the  CO,  CxHy  and  C  oxida¬ 
tion  reactions  quench  in  the  film  cooling  air.  This  is  a  more  severe 
problem  in  annular  combustors  than  in  the  can  combustors  tested  in 
this  program.  In  annular  combustors,  it  will  be  even  more  important 
to  use  convection  cooling  instead  of  film  cooling  to  obtain  low 
emissions. 

Based  upon  the  experimental  results  in  this  phase  of  the  program, 
two  combustor  approaches  were  selected  for  final  design  and  experi¬ 
mental  evaluation.  One  of  these  represented  "near-term"  potential 
in  which  modifications  could  be  made  to  conventional  combustors, 
and  the  other  approach  ("Prechamber")  offers  greater  emission  reduc¬ 
tion  potential  hut  it  will  require  more  development  time.  The  design, 
fabrication,  and  experimental  evaluation  of  these  two  final  combus¬ 
tors  ("Modified  Conventional"  and  "Prechamber")  are  discussed  In  the 
next  section  of  this  report. 
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Evaluation  of  liml 

Two  final  combustor  configurations  were  selected  from  the  test  re¬ 
sults  of  the  seventeen  preliminary  combustors  evaluated  during  the 
first  part  of  Task  3.  These  two  final  combustors  were  identified 
as  the  Final  Prechamber  Combustor  Liner  and  the  Final  Modified  Con¬ 
ventional  Combustor  Liner. 

JElffld  ExasiwbSL  CwftygUr,,S4B8K 

Two  of  the  preliminary  low-emission  combustor  concepts  which 
showed  substantial  emission  reductions  were  the  Rich  Premix/ 

Swirl  Combustor  Liner  and  the  Prechamber  Combustor  Liner.  Both 
of  these  combustors  utilised  a  premix  cup  with  a  swirl  dome,  a 
sudden  expansion  into  the  reaction  zone,  convection  cooling  of 
the  reaction  zone,  extended  overall  length,  and  delayed  dilution. 
One  fundamental  difference  between  these  two  preliminary  liners 
was  the  method  of  fuel  injection.  The  Rich  Premix/Swirl  Combustor 
used  a  conventional  T63  pleasure- atomizing  fuel  injector,  cen¬ 
trally  located  in  the  awirler  dome  of  the  premix  cup.  The  Pre¬ 
chamber  Combustor  injected  the  liquid  fuel  onto  the  inaide  wall 
of  the  premix  cup  or  vaporizer  tube  and  relied  upon  the  high- 
velocity  swirl  air  and  combuation  heat  to  vaporize  the  fuel  off 
the  wall. 

Being  quite  similar  in  several  respects,  these  two  premix  cup 
preliminary  combustor#  were  combined  into  a  single  final  design 
combustor  called  the  Final  Prechamber  Combustor  Liner.  As  can 
be  seen  in  the  photograph  in  Figure  52,  both  the  pressure 
atomizer  and  the  wall  fuel- film  injection  methods  were  incorpor¬ 
ated  into  the  premix  cup  or  vaporizer  tube  dome  end  of  the  liner. 
The  overall  length  of  the  Final  Prechamber  was  reducad  from  the 
preliminary  combustor  length  to  be  only  3  inches  longer  than  the 
conventional  T63  combustor.  This  reduction  in  length  was  obtained 
by  reducing  the  combustor  length  between  the  resetion-zon#  row  of 
holes  and  the  dilution  row  of  holes.  The  reaction-zone  liner  dia¬ 
meter  was  increased  from  5.30  inches  to  6.34  inches  to  provide 
more  combustion  volume  and  to  increase  the  inlet  air  velocity 
between  the  liner  and  the  outer  combustor  case  to  create  x  con¬ 
vection  cooling  region  along  the  liner  reaction  zone.  Delayed 
dilution  was  retained  for  consumption  of  the  carbon  monoxide, 
hydrocarbons,  and  particulates. 

A  aeries  of  modifications  on  the  Final  Prechamber  Combustor  was 
made  in  an  attempt  to  further  reduce  emissions  and  Improve  combus¬ 
tor  performance.  These  modifications  are  suamarized  in  Table 
XXVIII.  The  first  rework  of  the  Final  Prechamber  was  to 
remove  1.50  inches  of  axial  length  from  the  vaporizer  tube  and  to 
add  1.50  inches  downstream  of  the  dilution  holes,  see  Figure  S3. 

It  was  intended  that  the  reduction  in  the  vaporizer  tube  length 
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TABLE  XXVIII. 

FINAL -DESIGN  PRECHAMBER  COMBUSTORS, 
DESIGN  SUMMARY 

Design  Parameter 

Initial 

Design 

Mod. 

"A" 

Mod. 

"B” 

Mod. 

"  Cn 

Mod. 

'D" 

IhoIc  Size  (inches) 

Fuel  Film  Injector  (16) 

.013 

.013 

.021* 

.021 

.021 

Reaction  Zon?  (12) 

.360 

.360 

.297* 

Closed* 

Closed 

Dilution  Zone  (6) 

1.344 

1.344 

1.310* 

1.310 

1.310 

Length  (inches) 

Overall 

12.670 

12.670 

12.670 

12.670 

12.670 

Vaporizer  Tube 

4.44S 

2.945* 

4.500* 

4.500 

4.S00 

Vaporizer  Tube* 

Reaction  Holes 

1.500 

1.500 

1.400* 

1.400 

1.400 

Reaction  Holes* 

Dilution  Holes 

3.730 

3.730 

3.730 

3.730 

3.730 

Dilution  Holes*Liner 

End 

2.100 

3.600* 

2.100* 

2.100 

2.100 

Diameter  (inches) 

Swirler  I.D. 

1.670 

1.670 

2.410* 

2.410 

2.410 

Swirler  O.D. 

2.960 

2.960 

3.680* 

3.680 

3.680 

Vaporizer  Tube  l.D. 

3.080 

3.080 

3.800* 

3.800 

3.800 

Reaction  Zone  O.D. 

6.340 

6.340 

6.340 

6  *$40 

6.  340 

Dilution  Holes  I.D. 

S.640 

5.640 

S.640 

S.640 

S.640 

Exhaust  O.D. 

6.210 

6.210 

6.210 

6.210 

6.210 

Fuel  Injection  Mode  Tested 

Pressure  Atomizer 

Yes 

Yes 

Yes 

NO* 

NO 

Wall  Fuel  Film 

Yes 

Yes 

Yes 

Yes 

Yes 

Vaporiser  Tube  Centerbcdy 

NO 

K0 

NO 

NO 

Yes* 

♦Indicates  change  from  previous  design. 
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would  allow  more  combustion  gases  to  be  pumped  up  the  swirl 
vortex  and  be  mixed  with  the  swirler  air.  The  increased  vapor¬ 
izer  tube  recirculation  would  then  raise  the  air-combustion  gas 
mixture  temperature  and  provide  better  fuel  vaporization  of  the 
wall  fuel  film.  The  added  length  downstream  of  the  dilution 
zone  was  to  allow  additional  volume  prior  to  the  combustor  exit 
for  improvement  of  the  exhaust  temperature  profile*  This  version 
of  the  Final  Prechamber  combustor  liner.  Modification  "A",  pro¬ 
duced  the  best  emission  performance  with  acceptable  combustor 
performance  of  all  versions  operated  on  the  pressure  atomizer 
fuel  injector. 

Because  the  first  two  versions  of  the  Final  Prechamber  combustor 
liner  failed  to  operate  satisfactorily  on  wall  fuel  film  injec¬ 
tion,  the  combustor  progressed  through  a  major  redesign  and  two 
minor  modifications,  resulting  in  Modification  ”Dn.  This  Final 
Prechamber  combustor  configuration  was  judged  to  be  the  best  over¬ 
all  version  operating  on  the  wall  fuel  film  injection  system. 

The  changes  made  to  the  Final  Prechamber  combustor  from  Modifica¬ 
tion  "A"  through  Modification  MD"  were  the  following: 

1.  The  vaporizer  tube  section  was  completely  redesigned  to 
increase  the  swirler  airflow,  increase  the  swirler  hub- 
to-tip  diameter  ratio,  and  increase  the  vaporizer  tube 
length. 

2.  The  wall  fuel  film  injector  orifice  diameters  were  in¬ 
creased  from  0.013  inch  to  0.021  inch. 

3.  The  airflow  through  the  reaction  zone  holes  was 
eliminated. 

4.  An  aerodynamic  centerbody  was  added  at  the  swirler  hub. 

External  and  internal  photographs  of  the  Final  Prechamber  Modifi¬ 
cation  "D"  combustor  liner  are  presented  in  Figures  54  and  55. 

Each  configuration  of  the  Final  Prechamber  combustor  liner  was 
tested  at  the  six  nonregenerative  operating  conditions.  Three 
configurations  were  operated  on  the  centerpoint  pressure  atom¬ 
izer  fuel  injector,  and  all  five  configurations  were  operated  on 
the  wall  fuel  film  injection  system.  Detailed  test  results  for 
all  of  the  Final  Prechamber  combustor  tesringare  documented  in 
appendix  III.  The  following  paragraphs  will  present  the  data 
from  the  '’best'’  Final  Prechamber  configuration  operating  on 
pressure  atomizer  and  on  the  wall  fuel  film.  Emission  indez  sum¬ 
maries  of  each  fuel  injection  mode  of  the  Final  Prechamber  com¬ 
bustors  are  presented  In  Tables  XXIX  and  XXX. 

Final  Prechamber  combustor  liner  Modification  "A”  was  the  con¬ 
figuration  producing  the  best  overall  performance  for  pressure 
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Figure  55.  Final  Low- Emission  Prechamber  Combustor  Liner 
Modification  "D"  Internal  View. 


TABLE  XXIX 


EMISSION  INDEX  SUMMARY  FOR  T63  BASELINE  AND 
FINAL  PRECHAMBER  COMBUSTORS 


Combustor  Tested 

cxHy 

CO 

as 

x° 

Particu¬ 

lates 

Total 

Emissions 

EMISSION  INDEX  (lb/1000  lb  fuel) 

*  Baseline 

1.544 

26.094 

5.068 

.239 

32.945 

*  Final  Prechamber- 
Pressure  Atomizer 

Initial  Design 

.039 

10.608 

4.611 

.128 

15.386 

Modification  "A" 

.025 

10.292 

4.300 

.086 

14.703 

Modification  "B" 

.180 

8.415 

4.762 

.902 

14.2  59 

RELATIVE  EMISSION  INDEX  06) 

*  Baseline 

100 

100 

100 

100 

100 

*  Final  Prechamber- 
Pressure  Atomizer 

Initial  Design 

2 

41 

91 

54 

47 

Modification  "A" 

2 

39 

85 

36 

45 

Modification  ”B" 

12 

32 

94 

377 

43 

TABLE  XXX.  EMISSION  INDEX  SUhWARY  FOR  T63 

FINAL  PRECHAMBER  COMBUSTORS 

BASELINE  AND 

Combustor  Tested 

CxHy 

CO 

N0X 

Particu¬ 

lates 

— - , 

Total 

Emission 

EMISSION  INDEX  (lb/1000  lb  fuel) 

*  Baseline 

1.544 

26.094 

5.068 

.239 

32.945 

*  Final  Prechamber- 
Wall  Fuel  Film 

Initial 

.126 

13.247 

4.732 

.337 

18.442 

Mod.  "A" 

.176 

10.910 

4.378 

.274 

15.738 

Mod.  "B" 

2.077 

13.810 

4.092 

.022 

20.001 

Mod.  "C" 

2.119 

12.834 

3.670 

.007 

18.630 

Mod.  "D" 

1.033 

11.947 

4.584 

.000 

17.564 

RELATIVE  EMISSION  INDEX  (X) 

*  Baseline 

100 

100 

100 

100 

100 

*  Final  Prechamber- 
Wall  Fuel  Film 

Initial 

6 

51 

93 

141 

56 

Mod.  "A” 

11 

42 

86 

115 

48 

Mod.  "B” 

l,j 

53 

81 

9 

61 

Mod.  "C" 

137 

49 

72 

3 

57 

Mod.  "D" 

67 

46 

90 

0 

53 
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atomizer  fuel  injection.  The  exhaust  emissions,  pressure  loss, 
and  temperature  profile  for  this  combustor  are  summarized  in 
Table  XXXI.  The  exhaust  emissions  are  plotted  with  tb’ 
Conventional  T63-A-5A  baseline  combustor  in  Figures  56  through  59. 


Due  to  a  poor  exhaust  temperature  profile  at  the  higher  power 
levels, this  Prechamber  combustor  could  not  be  operated  at  100% 
power  conditions.  As  shown  in  Figure  56,  hydrocarbon  emissions 
remained  below  1.0  ppm  at  all  conditions  tested.  The  carbon 
monoxide  emissions  plotted  in  Figure  57  were  very  low  at  idle 
and  show  a  slow  increase  in  concentration  with  increasing  power 
conditions.  Nitrogen  oxide  emissions  seen  in  Figure  58  were 
also  below  Conventional  T63  N0X  concentrations.  The  smoke  num¬ 
bers  in  Figure  59  reveal  that  this  combustor  produced  no  smoke 
below  the  40%  power  level.  It  can  be  observed  in  Figure  60  how  the 
temperature  profile  deteriorated  in  the  Final  Prechamber  combustor 
as  the  power  level  increased.  Because  of  this  worsening  profile, 
maximum  power  data  could  not  be  obtained. 

Total  emissions  for  the  Prechamber  Modification  "A"  combustor  were 
reduced  below  those  of  the  initial  design.  Compared  to  the  con¬ 
ventional  T63  combustor,  the  pressure  atomizer  gave  a  55%  total 
reduction  with  no  constituent  increase.  Extrapolations  of  emie- 
slon  concentrations  at  100%  power  were  made  to  permit  the  computa¬ 
tion  of  total  duty  cycle  emissions.  Maximum  power  emissions 
accounted  for  only  5%  of  the  cycle  operating  time;  these 
extrapolations,  if  conservatively  made,  should  not  produce  mis¬ 
leading  total  duty  cycle  results. 

The  Final  Prechamber  combustor  which  performed  best  overall  when 
operating  on  wall  fuel  film  injection  was  Modification  ”D". 

Closing  the  reaction  zone  holes  and  adding  a  vaporizer  tube 
centerbody  made  definite  improvements  in  combustor  operation. 

The  test  rig  data  for  Modification  ”D"  are  summarized  in  Table 
XXXII.  A  poor  exhaust  temperature  profile  on  this  combustor, 
as  in  most  of  the  previous  configurations,  required  that  the  test¬ 
ing  be  restricted  to  only  the  lowest  five  operating  conditions. 
This  combustor  configuration  maintained  hydrocarbon  concentrations 
below  the  baseline  T63  combustor  levels,  see  Figure  61.  The 
two  previous  Prechamber  configurations  produced  high  levels  of 
hydrocarbon  emissions.  Carbon  monoxide  emissions  are  plotted 
in  Figure  62.  These  emission  levels  were  well  below  the  base¬ 
line  concentrations.  Nitrogen  oxide  emissions  in  Figure  63 
were  only  slightly  lower  than  those  from  the  conventional 
T63-A-5A.  The  CO  vs  N0x  tradeoff  curves  in  Figure  64  further 
illustrate  the  emission  reductions  achieved  in  the  Modification 
MDn  combustor. 


Smoke/particulates  from  Modification  ”D"  as  shown  in  Figure  65 


i'i. 


Carbon  Monoxide 


0  10  20  30  40  50  60  70  80  90  100 

Percent  Output  Horsepower 


Figure  57.  Nonregenerative  T63-A-5A  Combustor  Carbon  Monoxide 
Emission  Data  Comparison  for  Final  Prechamber 
Modification  "A"  Combustor  Operating  on  Pressure* 
Atomizing  Injection  And  Baseline  T63-A-SA  Combustor. 
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Oxides  of  Nitrogen  *s  NO  -  PPM  (On-Line,  NDIR  ♦  NDUV) 


Figure  58.  Honregeneratlve  T63-A-SA  Combustor  Nitrogen  Oxides 
emission  Dots  Comparison  for  Final  Prechamber 
Modification  "A"  Combustor  Operating  on  Pressure- 
Atomizing  Injection  And  Baseline  T63-A-5A  Combustor. 
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(SAE  ARP  1179  Procedure) 


Figure  59.  Nonregene re tive  T63-A-5A  Combustor  Smoke  Date  Comparison 
for  Final  Prechasiber  Modification  "A"  Combustor  Operating 
on  Pressure-Atomizing  Injection  And  Baseline  T63-A-SA 
Combustor. 
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figure  60.  Nonre generative  T61-A-SA  Combustor  Temperature  Profile 
Data  Comparison  for  final  Prechamber  Modification  "A” 
Combustor  Operating  on  Pressure^Atcsnizing  Injection 
And  Baseline  T63-A- SA  Combustor. 


Figure  61.  Nonregenerative  T63-A-5A  Combustor  Hydrocarbon  Emission 
Data  Comparison  for  final  Prechamber  Modification  "D" 
Combustor  Operating  on  Wall  Fuel  Film  Injection  And 
Baseline  T63-A-5A  Combustor. 
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Figure  62.  Nonregenerative  T63-A-SA  Combustor  Carbon  Monoxide 
Emission  Data  Comparison  for  Final  Preehamber 
Modification  "D"  Combustor  Operating  on  Wall  Fuel 
Film  Injection  And  Baseline  T63-A-5A  Combustor. 


1 


.36 


Figure  63.  Nonregenerative  T63-A-SA  Combustor  Nitrogen  Oxides 
Emission  Data  Comparison  for  Final  Prechamber 
Modification  "D"  Combustor  Operating  on  Well  Fuel  Film 
Injection  And  Baseline  T63“A*»5A  Combustor* 
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Figure  64.  Nonregenerative  T63-A-5A  Combustor  Carbon  Monoxide  VS 

Nitrogen  Oxides  Emission  Data  Comparison  for  Final  Pre¬ 
chamber  Modification  "D"  Combustor  Operating  on  Wall  Fuel 
Film  Injection  and  Baseline  T63-A-5A  Combustor. 
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Smoke  Number  (SAE  ARP  1179  Procedure) 


Percent  Output  Horsepower 


Figure  65.  Nonregenera tive  T63-A-5A  Combustor  Smoke  Data  Comparison  ! 

for  Final  Prechamber  Modification  "D"  Combustor  Operating  1 

on  Wall  Fuel  Film  Injection  And  Baseline  T63-A-5A  Combustor. 
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were  zero.  This  is  the  only  configuration  of  a  Final  Prechamber 
combustor  that  produced  no  smoke.  Temperature  profile,  however, 
remained  a  significant  problem,  see  Figure  66.  In  no  Final  Pre¬ 
chamber  configuration  did  wall  fuel  film  operation  produce  an 
exhaust  profile  comparable  to  pressure  atomizer  operation  or  to  the 
Preliminary  Prechamber  combustor,  which  had  used  wall  fuel  film 
injection.  The  pressure  loss  for  this  combustor  was  approximately 
2%  higher  than  the  pressure  loss  in  the  conventional  T63  combustor 
liner.  Part  of  this  increase  in  loss,  about  0.596,  resulted  from  the 
increase  in  flowpath  length  for  the  combustor  inlet  air.  The  balance 
of  the  loss  resulted  from  a  combination  of  the  narrow  convective 
cooling  annulus,  formed  between  the  liner  and  the  combustor  outer 
case,  and  the  closing  of  the  reaction  zone  holes.  Further,  develop¬ 
ment  of  this  combustor  must  include  reducing  the  pressure  loss  to 
the  4.0%  to  4.5%  level. 

Using  extrapolated  100%  power  emission  concentrations  as  was  done 
when  no  test  data  were  available,  the  Final  Prechamber  Modification 
"D"  combustor  produced  47%  less  total  emissions  than  the  conventional 
T63-A-5A  combustor  over  the  LOH  duty  cycle  and  allowed  no  increase  in 
any  constituent  emission.  Even  though  this  combustor  fell  3%  short  of 
the  50%  emission  reduction  goal,  its  elimination  of  smoke  and  reduc¬ 
tion  of  each  constituent  emission  make  it  the  "best"  wall- fuel-film 
Prechumber  combustor  of  the  Final  Prechamber  configurations. 

Final  Modified  Conventional  Combustion  Liner 

Four  preliminary  low-emission  combustor  concepts  which  demonstrated 
effective  emission  reductions  were  incorporated  into  the  Final  Modi¬ 
fied  Conventional  Combustor  Liner.  The  Modified  Conventional  Combustor 
concept  was  envisioned  as  the  inclusion  of  current-technoL  gy  emis¬ 
sion  abatement  techniques  into  the  b,  c.ic  envelope  of  the  conventional 
T63-A-5A  combustor  liner.  The  axial  length  of  the  modified  conven¬ 
tional  combustor  was  maintained  equal  to  the  conventional  combustor; 
the  liner  dome,  ignition  system,  primary-zone  section,  and  axial 
cross-sections  remained  unchanged.  The  emission  abatement  concepts 
added  to  the  conventional  combustor  were  as  follows; 

*  Convection  cooling  of  the  primary  zone. 

*  Delayed  dilution. 

*  Variable  dilution  geometry. 

*  Air-blast  fuel  injection. 

The  first  three  of  these  concepts,  when  incorporated  into  the  con¬ 
ventional  T63-A-5A  combustor  liner,  resulted  in  the  initial  design 
modified  conventional  combustor  liner  shown  in  the  photograph  in 
Figure  67.  In  this  design,  the  variable-geometry  dilution  band  was 
fabricated  for  two  geometry  settings.  The  "closed"  setting  was  a 
set  of  six  1.047  inch-diameter  holes  which  distributed  the  liner 
flow  splits  in  the  same  proportion  as  the  flow  splits  in  the  con¬ 
ventional  T63  combustor.  In  this  setting,  the  maximum-power  primary- 
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Temperature  Profile  -  T  /T  -  *F/°F 
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Percent  Output  Horsepower 

Figure  G6.  Nonregenerative  T63-A-5A  Combustor  Temperature  Profile  Data 
Comparison  for  Final  Prechamber  Modification  "D"  Combustor 
Operating  on  Wall  Fuel  Film  Injection  And  Baseline  T63-A-SA 
Combustor. 
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Figure  67 •  Final  Low— Emission  Modified  Conventional 
Combustor  Liner,  Initial  Design. 


zone  equivalence  ratio  was  0.77,  and  the  emission  reductions 
obtained  relied  upon  the  primary-zone  connection  cooling  and  the 
delayed  dilution.  The  second  dilution  geometry  setting  injected 
dilution  air  through  a  set  of  1.37  inch-square  holes.  This  setting 
repeated  the  flow  splits  in  the  regenerative  T63  combustor  and  was 
intended  for  use  at  regenerative  conditions. 

The  Modified  Conventional  Initial  Design  combustor  produced  low 
total  emissions,  but  NO  and  particulates  were  above  the  Conven¬ 
tional  T63  levels.  x 

In  an  attempt  to  reduce  the  NOx  and  particulate  emissions,  the  com¬ 
bustor  was  reworked  into  Modification  "A"  by  moving  the  dilution 
2.00  inches  upstream  and  replacing  the  two  sets  of  dilution  holes 
with  a  single  set.  This  location,  which  was  the  same  as  that  in  the 
Conventional  T63-A-5A  combustor  liner,  still  retained  a  degree  of 
delayed  dilution  as  the  trim  air  holes  used  in  the  Conventional  T63 
combustor  were  combined  into  the  dilution  holes.  A  lack  of  variable- 
geometry  effectiveness  caused  by  seizing  of  the  dilution  slip  band 
plus  a  low  combustor  pressure  loss  produced  poor  combustor  performance. 

Modification  "B"  of  the  Final  Modified  Conventional  combustor  liner 
ua;  the  ref iiiing  of  ihe  concepts  in  Modificatior  ”A“  pint  fh®  change 
from  a  standard  T63  pressure  atomizing  fuel  injector  to  an  air-blast 
pressure  atomizing  fuel  injector,  which  had  been  evaluated  in  the 
preliminary  low-emission  combustor  concept  tests.  In  addition  to  the 
fuel  injector  change,  the  dilution  variable-geometry  section  was 
replaced  with  the  new  hardware,  which  improved  the  mechanical  opera¬ 
tion  of  the  slip  band  and  strengthened  the  actuator  tabs.  To  increase 
the  pressure  loss  and  improve  mixing  and  recirculation,  the  primary 
zone  and  dilution  zone  holes  were  reduced.  The  primary  zone  holes 
were  reduced  from  0*610  inch  diameter  to  0.S00  inch  diameter,  and 
the  dilution  holes  were  reduced  from  six  1.22  inch-square  holes 
with  0.41  inch-radius  curves  to  four  1.22  inch  by  1.41  inch  holes 
with  0.41  inch- radius  curves.  The  four  dilution  holes  were  fabri¬ 
cated  on  a  basis  of  six  holes;  thus  each  pair  of  holes  was  adjacent 
to  the  inlet  air  from  the  two  engine  feed  arms.  A  photogiaph  uf  the 
exterior  of  the  Modified  Conventional  Modification  ”B"  combustor 
liner  is  presented  in  Figure  68,  and  an  internal  view  is  shown  in 
Figure  69. 

The  mechanical  operation  of  the  Modification  "B"  variable  dilution 
geometry  slip  band  proved  to  be  quite  satisfactory,  and  four 
different  geometry  settings  were  used  during  the  rig  testing:  OX, 

28%,  SOX,  and  71%  closed.  The  28X  closed  setting  corresponded  to 
the  "nonregenerative*  setting,  duplicating  the  Conventional  T63 
combustor  flow  splits.  The  OX  closed  setting  corresponded  to  the 
"regenerative"  liner  flow  splits. 

Modification  "B"  was  the  final  configuration  in  the  Final  Modified 
Conventional  combustor  liner  series  on  this  contract.  With 
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Figure  69.  Final  Lov-Emiesion  Modified  Conventional 

Combustor  Liner,  Modification  "B",  Internal  View. 
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two  dilution  geometry  settings,  2896  closed  at  low -power  condi¬ 
tions  and  5096  closed  at  the  high-power  conditions,  Modification 
nB”  reduced  total  emissions  5196  over  the  LOH  duty  cycle  when 
compared  to  the  Conventional  T63-A-5A  combustor  emissions.  All 
constituent  emissions  were  reduced  except  particulates,  which  were 
2596  above  the  Conventional  T63  baseline  levels.  Compared  to  the 
particulates  measured  from  a  Conventional  T63  combustor  in  the 
second  baseline  retest,  the  Modified  Conventional  Modification 
"B"  combustor  particulates  were  7396  lower. 

Emissions  and  combustor  performance  data  for  all  three  modifica¬ 
tions  of  the  Final  Modified  Conventional  combustor  liner  were 
recorded  at  various  dilution  geometry  settings  and  each  of  the 
six  T63  nonregenerative  operating  conditions.  In  addition  to 
the  automatic  data  acquisition  instrumentation  read  for  each 
low-emission  combustor  tested,  three  akin  thermocouples 
were  attached  to  the  Modified  Conventional  combustors  at  different 
primary  rone  axial  locations.  Temperatures  from  these  thermo¬ 
couples  were  manually  recorded  at  each  data  point  for  the  initial 
design  and  Modification  "A".  Mechanical  failure  of  the  thermo¬ 
couple  leads  inside  the  convection  cooling  shell  prevented  the 
acquisition  of  any  skin  temperatures  from  the  Modification  "B" 
testing. 

The  following  paragraphs  present  the  test  results  from  the  "best" 
Final  Modified  Conventional  combustor  liner  —  Modification  "B". 

The  teat  results  from  the  Initial  Design  and  Modification  "A" 
liner  testing  are  documented  in  Appendix  IV,  along  with  additional 
details  from  the  Modification  ”B"  testing. 

*t«»e  design  changes  to  the  Final  Modified  Conventional  combustor 
which  resulted  in  Modification  "B"  were  the  following: 

*  A  new  variable- geoc»e try  slip  band  was  fabricated  which 
would  operate  more  smoothly  and  would  have  lower  leakage. 

*  the  cantelevered  actuator  tabs  connecting  the  actuator 
rods  to  the  slip  bend  were  re>*r?*'~**d  to  increase  their 
stiffness  and  to  eliminate  any  deformation  during  testing. 

*  The  priosry  holes  and  dilution  holes  were  reduced  in  area 
to  increas  the  combustor  pressure  loss  from  396  to  596  st 
the  design  setting. 

*  The  dilution  hole  pattern  waa  changed  from  six  tuples 
equally  spaced  to  four  holes  spaced  tn  a  six-hol.^ 
pattern. 

4  In  order  to  reduce  the  smoke  and  particulates,  an  Ex-Cell-0 
sir-blast  pressure  atomising  fuel  injector  was  instsileu. 
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Modification  "B"  of  the  Final  Modified  Conventional  combustor  liner 
was  tested  at  three  different  geometry  settings  over  the  nonregen- 
erative  operating  conditions.  The  settings  were  0%,  28%,  and  50% 
closed.  The  28%  closed  setting  was  the  nominal  design  point  for  the 
nonregenerative  tests.  The  regenerative  position  was  intended  to 
be  0%  closed  or  full  open. 

Two  of  the  skin  thermocouple  leads  were  broken  prior  to  the  rig 
tests  of  Modification  "3";  no  skin  temperature  data  were  recorded 
for  this  configuration.  Pressure  loss  results  from  the  nonregen-  it¬ 
erative  tests  are  summarized  in  Table  XXXIII.  On  the  average,  v 

the  pressure  losses  for  0%,  28%,  and  50%  closed  dilution  settings  • 

were  4%,  5%,  and  7%.  The  mechanical  operation  of  the  combustor  ,f 

variable  dilution  geometry  gave  no  problems  during  the  test.  With  ■ 

the  dilution  geometry  set  at  the  28%  closed  position,  combustion 
lean  blowout  from  idle  T63  nonregenerative  combustor  conditions  $ 

was  obtained  at  a  fuel/air  ratio  of  0.0042.  £ 

The  measured  exhaust  emissions  are  summarized  in  Table  XXXIV. 

Comparisons  of  these  emissions  with  the  Conventional  T63  combustor 

liner  appear  in  Figures  70  through  74.  The  settings  which  resulted 

in  the  lowest  LOH  duty  cycle  total  emissions  are  shown  for  the 

Modified  Conventional  combustor  liner.  The  hydrocarbon  emissions 

are  shown  in  Figure  70.  A  significant  reduction  in  hydrocarbon 

emissions  was  obtained  in  closing  the  dilution  holes  from  0%  to  | 

28%  closed.  Further  restriction  of  the  dilution  resulted  in  only  i 

a  minor  additional  reduction.  Overall,  hydrocarbon  mass  emissions 

were  -educed  76%  below  the  Conventional  combustor  level. 

Ov 

The  carbon  monoxide  concentrations  in  Figure  71  show  that  the 

minimum  levels  for  the  Modification  ”B”  combustor  were  obtained 

with  the  28%  closed  dilution  geometry  setting  up  through  the  55% 

power  conditions.  At  75%  and  100%  power,  the  50%  closed  setting 

gave  lowest  CO.  Over  the  duty  cycle,  the  Modification  "B"  com-  ^ 

bustor  reduced  carbon  monoxide  56%.  As  can  be  seen  in  Figure  72,  j 

nitrogen  oxide  concentrations  for  both  28%  and  50%  closed  settings 

were  quite  similar  and  well  below  the  conventional  combustor  level.  * 

Modification  ”B"  reduced  N0x  by  20%  over  the  duty  cycle.  The  CO  ^ 

vs  N0X  tradeoff  curves  in  Figure  73  illustrate  that  both  CO  end  N0x 

concentrations  had  been  reduced.  A  decrease  in  one  emission  was 

not  obtained  by  simply  changing  the  combustor  operating  conditions  ' 

to  increase  the  other  constituent.  \ 

ii/ 

The  greatest  effect  of  changes  in  dilution  geometry  was  obtained 

in  the  smoke  number  readings;  see  Figure  74.  Even  though  the  f 

air-blast  fuel  injector  greatly  reduced  the  smoke  over  the  LOH 

duty  cycle,  particulates  were  increased  by  25%  when  compared  to 

the  original  Conventional  T63-A-5A  baseline  smoke  measurements. 
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TABLE  XXXIII.  COMPARISON  OF  COMBUSTOR  PRESSURE  LOSS  (96)  FOR 

FINAL  DESIGN  MODIFIED  CONVENTIONAL  MODIFICATION  "B" 
COMBUSTOR  LINER  AND  BASELINE  COMBUSTORS  AT  NON- 
REGENERATIVE  OPERATING  CONDITIONS. 


Cycle  Point 

fl 

6 

5 

n 

3 

2 

I. 

Conventional  T63-A-5A 

Liner 

4.63 

4.51 

4.53 

4.44 

4.38 

4.14 

II. 

Extended-Length  Liner 

5.10 

4.61 

5.09 

4.91 

4.74 

4.59 

III. 

Final  Design  Modified 
Conventional  Liner 
Modification  "B" 

056  Closed 

4.03 

3.95 

2896  Closed 

5.21 

4.90 

5.18 

4.97 

4.53 

5096  Closed 


7.00  6.69  7.08  6.87  6.56  6.01 
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Figure  70.  Nonregenerative  T63-A-5A  Combustor  Hydrocarbon  Emission 
Data  Comparison  for  Final  Modified  Conventional  Modifica¬ 
tion  "B”  Combustor  at  Selected  Dilution  Geometry  Settings 
and  Baseline  T63-A-SA  Combustor. 

150 


Carbon  Monoxide 
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Figure  71.  Nonregenerative  T63-A-5A  Combustor  Carbon  Monoxide 
Emission  Data  Comparison  for  Final  Modified  Conven¬ 
tional  Modification  "B"  Combustor  at  Selected  Dilution 
Geometry  Settings  and  Baseline  T63-A-5A  Combustor. 
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Oxides  of  Nitrogen  as  NO2  -  PPM  (On-Line,  NDIR  +  KDUV) 


O  Conventional 


Modified  Conventional 


Percent  Output  Horsepower 


Figure  72*  Nonregenerative  T63-A-5A  Combustor  Nitrogen  Oxides 

Emission  Data  Comparison  for  Final  Modified  Conventional 
Modification  nB"  Combustor  at  Selected  Dilution  Geometry 
Settings  and  Baseline  T63-A-SA  Combustor. 
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Oxides  of  Nitrogen  as  NOj 
(On-Line,  NDIR  ♦  NDUV) 


PPM 


Figure  73.  Nonregenerative  T63-A-5A  Combustor  Carbon  Monoxide  Vs 

Nitrogen  Oxides  Emission  Data  Comparison  for  Final  Modified 
Conventional  Modification  WB"  Combustor  at  Selected  Dilution 
Geometry  Settings  and  Baseline  T63-A-SA  Combustor. 
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Smoke  Number  (SAE  ARP  1179  Procedure) 
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Figure  74.  Nonregenerative  T63-A-SA  Combustor  Smoke  Data  Comparison 

for  Final  Modified  Conventional  Modification  ”B"  Combustor 
at  Selected  Dilution  Geometry  Settings  and  Baseline 
T63-A-SA  Combustor. 
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When  compared  to  the  second  baseline  retest  smoke  measurement?,  the 
Modification  "B"  Final  Modified  Conventional  reduced  the  smoke/par¬ 
ticulates  by  73%. 

The  total  mass  emissions  for  the  Final  Design  Modified  Conventional 
Modification  "B"  combustor  liner  was  SIX  below  the  total  emissions 
from  tne  Conventional  T63-A-5A  combustor  liner.  A  summary  of  the 
emission  performance  for  each  configuration  of  the  Modified  Conven¬ 
tional  combustor  liner  is  given  in  Table  XXXV.  Even  though  Modifi¬ 
cation  "B"  did  not  produce  the  total  reduction  of  the  initial  design, 
it  was  able  to  reduce  hydrocarbons,  carbon  monoxide,  and  nitrogen 
oxide  simultaneously. 

The  exhaust  temperature  profiles  for  the  Conventional  T63  combustor 
liner  and  the  Final  Modified  Conventional  Modification  "B"  combustor 
liner  are  compared  in  Table  XXXVI  and  Figure  75.  The  temperature 
profile  for  the  SOX  closed  geometry  setting  was  the  best  of  the 
Final  Combustors  tested.  Even  at  maximum  power  conditions,  the 
worst  profile  measured  for  the  50X  closed  setting,  the  Tmax/^avg 
value  was  only  1.145.  Additional  development  is  required  on  the 
Modified  Conventional  combustor  to  improve  the  exhaust  temperature 
profile  over  the  variable  geometry  schedule  which  produces  the  lowest 
emissions. 

Emission  response  of  the  Modified  Conventional  combustor  to  changes 
in  variable  geometry  setting  was  not  as  sensitive  as  indicated  by 
the  reaction  kinetics  and  empirical  correlation  predictions.  The 
probable  reason  for  the  reduced  effectiveness  of  the  variable  geo¬ 
metry  was  the  fuel  droplet  burning  from  the  pressure  atomising  fuel 
injectors.  The  fuel  rich  regions  surrounding  each  fuel  droplet  were 
locally  little  affected  by  the  changes  in  primary  mass  flow;  the 
flame  temperatures  were  also  little  effected.  Changes  in  pressure 
loss  with  variable  geometry  setting  had  an  effect  on  fuel  droplet 
size  and  distribution  for  the  air-blast  fuel  injector.  Primary-zone 
mixing  is  not  sufficient  with  pressure  atomised  or  air-blast  fuel 
injection  systems  to  permit  a  uniform  change  in  primary-sone  fuel/air 
ratio.  The  ineffectiveness  on  N0X  control  was  especially  evident, 
which  supports  the  contention  that  droplet  burning  negates  much  of 
the  variable  geometry  control  on  the  burning  mechanism.  If  variable 
geometry  were  combined  with  a  premixed- prevaporized  fuel  preparation 
system  in  a  combustor,  the  emissions  response  should  greatly  improve. 
A  properly  designed  premixed-prevaporized  combustor  would  produce  a 
homogeneous  primary  zone  and  thus  the  theoretical  primary  zone  ftial/ 
air  response  should  be  reflected  in  the  flame  temperature  and  thus 
in  the  exhaust  emissions.  The  Prechamber  combustor,  since  it  has  a 
premixed-prevaporized  fuel  preparation  system,  should  respond  better 
to  variable  geometry  than  the  Modified  Conventional  combustor. 
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TABIiE  XXXV 


EMISSION  INDEX  SUMMARY  FOR  T63  BASELINE  AND 
FINAL  MODIFIED  CONVENTIONAL  COMBUSTORS 


Combustor  Tested 

CxHy 

CO 

N0x 

Particu¬ 

lates 

Total 

Emissions 

EMISSION  INDEX  (lb  /1000  lb  fuel) 

*  Baseline 

1.544 

26.094 

5.068 

.239 

32.945 

*  Final  Modified 
Conventional 

Initial  Design 

.161 

6.878 

5.970 

.438 

13.447 

Modification  "A" 

.500 

15.966 

4.499 

3.471 

24.436 

Modification  "B" 

.364 

11.432 

4.068 

.298 

16.162 

RELATIVE  EMISSION  INDEX  (X) 

*  Baseline 

100 

100 

100 

100 

100 

•  Final  Modified 
Conventional 

Initial  Design 

10 

26 

118 

183 

41 

Modification  "A” 

32 

61 

87 

1452 

74 

Modification  "B" 

24 

44 

80 

125 

49 
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TABLE  XXXVI.  COMPARISON  OF  EXHAUST  TEMPERATURE  PROFILE 
(Tmax/  Tavg)  0F  FINAL  DESIGN  MODIFIED  CON¬ 
VENTIONAL  COMBUSTOR  LINER  MODIFICATION  "B" 

AND  BASELINE  COMBUSTOR  LINERS  AT  T63  NON- 
REGENERATIVE  CONDITIONS. 

Cycle  Point 

16  5  4  3 

2 

I.  Conventional  T63-A-SA 


Liner 

1.11$ 

1.142 

1.120 

1.113 

1.104 

1.06S 

II. 

Extended  Length  Liner 

1.229 

1.210 

1.198 

1.171 

1.125 

1.188 

[II. 

Final  Design  Modified 
Conventional  Liner 
Modification  n*” 

OX  Closed 

1.224 

1.154 

28*  Closed 

1.192 

1.231 

1.268 

1.29$ 

1.318 

SOX  Closed 

1.127 

1.131 

1.11$ 

1.128 

1.139 

1.14$ 

i$7 
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Temperature  Profile  -  T«a*/T«vg  -  *F/*F 


Figure  7$.  Monre  generative  T63-A-SA  Combustor  Temperature  Profile 
Data  Comparison  for  Final  Modified  Conventional  Modifi¬ 
cation  *•"  Combustor  at  Selected  Dilution  Geometry 
Settings  and  Baseline  T63-A-SA  Combustor. 
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The  significant  conclusions  resulting  from  the  analytical  and  experi¬ 
mental  combustor  investigations  are  summarized  in  the  following 
sections. 

IA3&  Lz  mvm  mimm 

1.  The  Army  light  observation  helicopter  (LOH)  duty  cycle  selected 
for  this  study  reflected  the  large  percentage  of  time  these  air¬ 
craft  spend  at  cruise,  climb/hover,  and  descent  power  levels. 

Idle  and  takeoff  account  for  only  2096  of  the  time  that  these 
aircraft  are  being  operated. 

2.  It  was  found  that  the  effectiveness  of  combustor  variable  geom¬ 
etry  is  significantly  influenced  by  the  power  level-time  dis¬ 
tribution  of  the  duty  cycle  used.  Since  variable  geometry  is 
used  to  control  the  reaction  zone  conditions,  it  is  most  effec¬ 
tive  for  emissions  tradeoffs  between  substantially  different 
power  level  conditions. 

3.  Carbon  monoxide  accounted  for  7896  of  the  mass  emissions  produced 
by  a  conventional  T63-A-SA  engine  over  the  LOH  duty  cycle. 
Nitrogen  oxides  accounted  for  12.596  of  the  total  mass  emissions. 
Thus,  to  attain  a  5096  or  more  reduction  in  total  emissions,  the 
carbon  monoxide  emissions  had  to  be  decreased  more  than  S096 
while  allowing  no  other  constituents  to  increase. 

im,.z  -  smmjmw&jsi  ssiwm 

1.  The  validity  of  using  reaction  kinetics  for  predicting  the  emis¬ 
sion  trends  in  combustors  was  upheld  by  experimental  testing. 

2.  The  published  test  data  used  in  the  analysis  of  potential  low- 
emission  combustor  concept*  were  in  general  found  to  be  inade¬ 
quately  documented.  It  is  known  that  many  low-emission 
approaches  only  trade  off  e  decrease  in  one  constituent »*uoh  as 
NO ,  for  an  increase  in  another,  such  as  CO.  Often  only  one  con¬ 
stituent  was  documented  in  the  literature  with  no  indication  as 
to  the  effect  on  other  constituents.  This  led  to  the  selection 
of  some  very  poor  preliminary  concepts  for  experimental  testing. 

IAS*  3  ~  XHI 

The  conclusions  resulting  from  tht  experimental  testing  of  combustor* 
an  grouped  into  the  three  general  type*  of  combustors  tested:  base¬ 
line  combustors,  preliminary  low -emission  combustors,  and  final  low- 
ealasion  combustors. 


Baseline  Combustors 


1.  The  concentrations  of  exhaust  emissions  measured  in  the  T63 
engine  agreed  favorably  with  the  concentrations  measured  in 
the  combustor  test  rig. 

2.  Combustor  inlet  air  moisture  levels  appeared  to  have  some  effect 
on  the  emissions,  no  effect  on  CO  and  CxHy  emissions,  and 
apparently  a  significant  effect  on  smoke  or  particulate  genera¬ 
tion.  Although  other,  unknown  factors  may  have  been  the  cause 
of  the  smoke  variation,  the  effect  of  moisture  or  humidity  on 
exhaust  emissions  was  found  to  be  a  significant  problem  area. 

fafiUaiMrv  Low-  Emission  Combustors 

1.  Minor  changes  in  conventional  combustor  geometry  can  significantly 
affect  emissions.  The  effects  were  predicted  in  Task  2  and  veri¬ 
fied  in  the  Task  3  tests.  One  simple  change  was  the  moving  of 
the  dilution  holes  aft,  which  resulted  in  the  reduction  of  to*-al 
emissions  by  38#  with  no  increase  in  any  emission  constituent. 
Changes  such  as  this  and  others  discussed  herein  could  be  applied 
to  conventional  combustor  design  practices  to  reduce  pollution. 

2.  Other  low-emission  approaches  investigated  in  the  preliminary 
evaluations  involved  new  combustor  concepts.  These  concepts 
can  be  categorised  into  two  approaches: 

a.  Premix/Prevaporisation 

b.  Massive  Primary- Zone  Recirculation/Plug  Flow. 

It  was  demonstrated  that  these  approaches  have  the  potential  of  re¬ 
ducing  emission*  much  further  than  simply  modifying  the  combustor. 

longer  development  time  will  be  required  to  develop  the  technology 

to  apply  these  concepts. 

final  Low-Emission  Combustors 

1.  Three  versions  of  two  combustor  concept*  generally  met  the 

contract  objectives  of  emission  reduction.  The  Final  Modified 
Conventional  Combustor  reduced  emissions  by  SI#.  The  Final 
Prechamber  combustor  reduced  total  emissions  $5#  when  operating 
on  a  pressure  atomizing  fuel  injection  system  and  4 7 #  when 
operating  on  wall  fuel  film  injection. 

The  final  co  xistor  designs  were  not  designed  for  light  weight 
but  still  did  not  result  in  excessive  combustor  weights.  A 
production  T63-A-SA  combustor  liner  weighs  1.75  lb.  The  Final 
Prechamber  combustor  weighed  3.08  lb  (76#  heavier  than  the  T63 
combustor),  and  the  Final  Modified  Conventional  comb us tor 
weighed  3.48  lb  (99#  heavier  than  the  conventional  combustor). 
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In  general,  the  final  combustors  .net  the  combustor  performance 
contract  objectives.  Pressure  loss,  stability,  durability,  and 
lightoff/relight  capability  were  shown.  Exhaust  temperature 
profiles  require  addition!  development,  especially  for  the  wall- 
fuel”  film  version  of  the  Final  Pre chamber  combustor. 


RECOMMENDATIONS 

The  emission  reduction  technology  demonstrated  in  this  program  has 
immediate,  intermediate,  and  long-range  potential  application  for 
aircraft  gas  turbine  engines.  Those  concepts  recommended  for  immedi¬ 
ate  potential  application  include: 

*  Extended-length  combustion  liners. 

*  Air-blast  fuel  injectors. 

*  Optimization  of  the  number  of  primary  holes  and  axial  location. 

*  Delayed  dilution  -  increased  intermediate  (trim)  zone  volume. 

Convection  cooling  .instead  of  conventional  film  cooling. 

The  intermediate  potential  application  is  the  incorporation  of 
variable  geometry.  In  addition  to  emission  reduction,  variable 
geometry  offers  other  benefits  such  as  improvement  in  altitude 
ignition,  fuel-air  turndown  ratio,  and  liner  durability.  The  latter 
advantage  is  due  to  reduced  primary -zone  flame  temperatures  at  the 
high  power  conditions. 

For  long*  range  potential  application,  premix /pre vaporization  concepts 
such  as  the  "Prechamber"  combustor  are  reconmended.  The  other 
potential  concepts  for  long-range  application  are  those  which  have 
an  intense  primary  zone  recirculation  with  rapid  conversion  to  plug 
flow. 

Although  significant  emission  reduction  technology  was  developed  in 
this  program,  a  continuing  and  expanded  effort  is  recommended  to 
further  develop  some  of  the  concepts,  investigate  new  concepts,  and 
study  problems  encountered  in  this  program. 

In  addition  to  the  ecological  incentive  for  low-mass-emission  combus¬ 
tors,  there  are  many  other  potential  benefits  from  low-emission  com¬ 
bustion  systems,  such  as: 

*  Noise  reduction. 

*  Altitude  ignition  and  flame  stability  (lean  blowout) 
improvement. 

*  Specific  fuel  consumption  reduction, especially  at  idle  and 
low  power  conditions. 

*  Increased  combustor  life  due  to  (1)  decreased  liner  tempera¬ 
ture  with  reduced  flame  radiation,  (2)  reduced  average  primary- 
zone  flame  temperature, especially  at  high  power  conditions, and 
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(3)  a  more  uniform  flame  temperature  in  the  combustor  and 
thus  reduced  liner  temperature  gradients  and  hot  spots  on 
the  liner. 

*  Longer  turbine  section  life  due  to  demonstrated  reduction  in 
erosion  with  clean  flames. 

Additional  analytical  and  experimental  studies  are  recommended  in 
the  following  areas: 

*  Variable  geometry  -  Develop  a  simple,  low -cost  system  for 
both  can  and  annular  combustors.  A  nonmechanical  system 
such  as  fluidic  control  should  be  included  in  the  study. 

*  Humidity  effects  -  Conduct  controlled  experiments  with  water 
injection  in  the  intake  to  determine  the  effect  of  humidity 
on  N0X  and  smoke  (particulates) . 

«• 

*  Durability  -  Conduct  experiments  to  determine  the  effect  of 
clean  vs  conventional  combustors  on  the  durability  of  gas 
turbine  engine  hot-section  components. 

*  Heat  transfer  -  Develop  an  effective,  durable,  low* pressure, 
loss,  convection  cooling  system  (and  its  design  parameters) 
for  can  and  annular  combustors.  Prior  to  this,  determine 
the  independent  effect  of  using  convection  cooling  instead 
of  film  cooling  on  emissions. 

*  Intermediate  section  -  The  results  from  the  "Extended -Length” 
and  "Delayed-Dilution"  combustors  demonstrated  that  the 
volume  of  the  intermediate  zone  has  a  significant  effect  on 
emissions.  Additional  studies  are  recommended  to  predict 
and  measure  the  effect  of  intermediate-zone  temperature  and 
residence  time. 

*  Premix/Pre vaporization  combustors  -  The  most  promising  premix/ 
pre vaporization  combustor  was  the  "Prechamber”.  However, 
additional  studies  are  recommended  to  establish  the  design 
scaling  parameters. 

*  Intense  primaryisone  recirculation/plug  flow  combustors  - 
Further  studies  are  recommended  on  these  types  of  combustors 
to  determine  their  potential  for  emission  reduction.  Two 
combustors  recommended  for  further  development  studies  are 
"Pepper-Pot  Dome"  and  "Plug  Flow/Canted  Primary". 

*  Annular  Combustors  -  Evaluate  the  potential  application  of 
the  emission  technology  developed  in  this  program  for  annular 
combustors.  Select  the  applicable  technology  and  evaluate 
the  emission  potential  in  annular  combustor  experiments. 
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*  Emission  instrumentation  -  Develop  a  rapid,  on-line  instrument 
for  particulate  measurements.  Resolve  the  problem  of  HQ* 
emission  data  discrepancies  with  different  measurement  systems 
at  less  than  20  ppm. 
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APPENDIX  I 

amm  RESULISJfc.MSELI^.CttffiUSm 


The  nonre generative  T63-A-5A  gas  turbine  engine  combustor  liner  was 
the  baseline  combustor  liner  used  on  this  contract.  It  was  against 
the  emissions  measured  on  this  combustor  liner  that  all  low-emis¬ 
sion  combustor  liners  were  compared.  A  photograph  of  the  baseline 
T63  liner  is  shown  in  Figure  76.  This  standard  production  combustor 
system  consisted  of  a  dual- orifice  pressure- atomizing  fuel  injector 
located  in  the  center  of  the  liner  dome*  a  capacitive- discharge 
spark  igniter  located  in  the  liner  dome  1.25  inches  off  the  liner 
axial  centerline,  and  a  ’'can"- type  film-cooled  combustor  liner. 

lw  ms.K.Aic.pismgrm 

The  T63-A-5A  combustor  liner  shown  in  Figure  76  is  9.56  inches  long 
overall.  The  liner  has  film  cooling  in  the  dome,  one  film- cooling 
annulus  at  the  dome  exit,  and  one  final  film-cooling  annulus  of  iden¬ 
tical  geometry  located  1.83  inches  downstream  of  the  first  film-cool¬ 
ing  annulus.  Liner  hole  sizes  and  locations  are  summarized  in 
Table  XXXVII.  Using  the  dimensions  in  Table  XXXVII,  the  resulting 
liner  airflow  splits  based  upon  effective  areas  through  the  liner  are 
tabulated  in  Table  XXXVIII. 


Even  though  T63  engine  emissions  were  used  in  the  emission  assess¬ 
ments  in  Task  1,  testing  of  the  T63-A-5A  combustor  was  performed  in 
the  Research  Combustion  Test  Facility  early  in  the  program.  The  rig 
tests  accomplished  two  purposes.  First,  they  provided  a  comparison 
of  the  emissions  from  the  same  combustor  when  tested  in  engine  and 
rig  environments;  second,  they  provided  a  common  base  for  the  low- 
emission  testing  to  follow.  Any  singular  phenomenon  common  to  the 
test  facility  would  affect  the  emiaslon/combustor  performance  of  the 
baseline  combustor  in  the  same  manner  as  the  low-emission  combustor. 


The  LOH  duty  cycle  -  T63  engine  combustor  operating  conditions  for 
the  baseline  nonregenerative  combustor  liner  are  given  in  Table 
XXXIX.  The  regenerative  conditions  are  presented  in  Table  XL.  The 
combustor  exhaust  emissions  resulting  from  the  baseline  T63-A-SA 
combustor  when  tested  at  these  conditions  are  shown  in  Table  XL1 
for  regenerative  as  well  as  nonregenerative  operation.  These  emis¬ 
sions  have  been  plotted  in  Figures  77  through  80  ea  a  function  of 
percentage  of  engine  output  horsepower.  It  is  clear  from  these 
figures  that,  operating  at  the  higher  reaction-cone  temperatures 
of  the  regenerative  combustor  conditions,  the  baseline  T63  combustor 
liner  produced  considerably  less  CO,  CxHy,  and  particulates,  but  more 
NOx  emissions. 
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TABLE  XXXVII.  T63-A-SA  LINER  DESIGN  SUtlARY 

Axial 
Location 
From  Dome 

Liner 

Type 

Num- 

Sixe 

Item 

Exit  (in.)  Die.  (in.) 

Opening 

her 

(in.) 

Dome  Cooling 

- 

1.74-4.66 

Holes 

54 

.203  die. 

First  Cooling 
Annulus 

.0 

S.31 

Slots 

22 

.39  x  .10 

Primary 

1.40 

S.31 

Holes 

6 

.562  die. 

6 

.500  dia. 

Second  Cooling 
Annulus 

1.83 

5.31 

Slots 

22 

.39  x  .10 

Trim 

2.89 

S.S2 

Holes 

14 

.375  die. 

Dilution 

4.14 

5.70 

Holes 

2 

1.250  die. 

Exit 

8.19 

6.21 

m 

•m 

m  ■ 

TABLE  XXXVIII. 

BASELINE  T63-A-5A  LINER  AIRFLOW 

AREA  SLITS 

Inlet  Air  Location 

Airflow  Area  Split  (X) 

Dome  Holes 

11.8 

First  Cooling  Step 

U.2 

Primary  Holes 

26.4 

Secotd  Cooling  Step 

11.2 

Trim  Holes 

15.2 

Dilution  Holes 

24.2 

100.0 

>: 

I 
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TABLE  XLI.  COMPARISON  OF  T63  BASELINE  LINER  EMISSIONS/ 

COMBUSTOR  PERFORMANCE  AT  (1)  NONREGENERATIVE 

AND  (2)  REGENERATIVE  COMBUSTOR  OPERATING 

CONDITIONS 

I.  Conventional  Liner  - 
Nonregenera tive 

Cycle  Point 

A.  Emissions 

1 

6 

5 

4 

3 

2 

CO,  (ppm) 

892.7 

651. 5 

495.5 

382.9 

214.1 

74.7 

H/C,  (ppm) 

100.0 

37.0 

15.8 

4.1 

0.7 

0.6 

NOx,  (On-Line, 
NDIR  &  M)UV)  (ppm) 
NDX,  (On-Line, 

17.0 

32.0 

41.1 

45.6 

58.0 

81.0 

CL)  (ppm) 

17.2 

23.4 

32.6 

40.  r 

56.3 

80.6 

NCX,  (Saltzman) 
(PPn») 

18.5 

27.8 

37.1 

45.8 

61.3 

90.6 

Smoke  Number 

3. 

7. 

12. 

17. 

25. 

30. 

B.  Pressure  Loss  (%) 

4.63 

4,51 

4.53 

4.44 

4.38 

4.14 

C.  Temp.  Profile 
Omax^avg) 

i.lIS 

1.142 

1.120 

1.113 

1.104 

1.065 

[I*  Conventional  Liner  - 
Regenerative 

A.  Emissions 

CO,  (ppm) 

346.2 

242.5 

196.8 

142.9 

85.8 

38.0 

H/C,  (ppm) 

8.8 

2.6 

1.6 

1.5 

3.3 

1.5 

NO*,  (On-Line, 
NDIR  &  NDUV)  (ppm] 
NO*,  (On-Line, 

- 

ms 

- 

- 

CL) (ppm) 

NO*.  (Ssltsman) 

27.0 

33.6 

39.4 

53.8 

75.8 

102.9 

(PP») 

- 

- 

- 

- 

- 

m 

Smoke  Number 

2.00 

.83 

1.35 

2.05 

4.50 

2.50 

B.  Pressure  Loss  (X) 

6. SO 

6.52 

7.00 

6.85 

6.27 

6.64 

C.  Temp.  Profile 

1.076 

1.085 

1.079 

1.063 

1.065 
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Hydrocarbons  as  CjHh 
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Figure  77.  Conventional  T63-A-SA  Baseline  Combustor 
Hydrocarbon  emissions  Test  Rig  Oata. 
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C*rbcn  Monoxide 


Oxides  of  Nitrogen  as  NO2  **  PPM  (On-Line  Chemiluminescence) 


0  10  20  30  40  50  60  70  80  90  100  ! 

Percent  Output  Horsepower  I 

i 
* 
i 

I  Figure  79.  Conventional  T63-A-5A  Baseline  Combustor  ■ 


trogen  Oxides  Emissions  Test  Rig  Data. 
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Percent  Output  Horsepower 

Figure  80.  Conventional  T63-A-5A  Baseline  Combustor 
Smoke  Number  Emissions  Test  Rig  Data. 


»i*>  HTV-.  C-  -vVTC  *T  eL*»®3*'ean?NJ''f -1 


& 

II 


■$ 


s. 


Using  the  emission  data  from  Table  XLI  and  Figures  77  through  80, 
the  LOH  duty  cycle  emissions  indices  for  the  baseline  combustor 
liner  at  no nre generative  and  regenerative  operating  conditions  were 
computed.  The  constituent  and  total  emissions  index  values  are  sum¬ 
marized  in  Table  XLII  along  with  the  average  fuel  flow  rates  re¬ 
quired  for  the  LOH  duty  cycle.  On  a  total  mass  basis,  the  baseline 
combustor  produced  an  average  of  4.63  lb/hr  of  total  emissions  at 
nonregenerative  combustor  operating  conditions,  but  only  2.21  lb/hr 
of  total  emissions  at  regenerative  conditions,  based  on  the  LOH  duty 
cycle. 


Pressure  loss  at  regenerative  conditions  increased  from  an  arithmetic 
average  of  4.44%  to  6.63%  because  of  the  higher  loading  produced  by 
the  increase  in  inlet  temperature. 


Exhaust  temperature  profile  was  very  good  at  both  nonregenerative 
and  regenerative  operating  conditions.  The  arithmetically  averaged 
temperature  profile  (T  /T  )  was  1.110  at  nonregenerative  condi¬ 
tions  for  the  six  data  points ®and  1.070  for  the  regenerative  condi¬ 
tions.  The  similarly  averaged  pattern  factors  were  0.1563  and 
0.1517  for  nonregenerative  and  regenerative  conditions  respectively. 

This  combustor’s  performance  as  measured  in  the  test  rig  at  the  non¬ 
regenerative  engine  combustor  operating  conditions  constituted  the 
baseline  against  which  all  low-emission  combustors  tested  on  this 
contract  were  compared.  The  baseline  LOH  duty  cycle  total  emissions 
index  used  in  determining  emission  reductions  was  32.946  lb 
emission/1000  lb  fuel.  This  total  index  utilized  the  N0X  emissions 
measured  with  the  on-line  NDIR  and  NDUV  instruments. 


The  similarity  between  T63  engine  measured  emissions  and  test  rig 
measured  emissions  is  shown  in  the  comparison  curves  in  Figures  81 
through  83  for  CO,  CxHy,  and  N0X.  For  particulates, the  mass 
generation  rates  were  plotted  instead  of  smoke  index;  see  Figure  84. 
In  general,  the  engine  hydrocarbons  and  particulates  were  somewhat 
higher  than  the  levels  measured  on  the  combustion  rig,  but  carbon 
monoxide  and  nitrogen  oxides  were  slightly  lower.  Comparing  the 
emission  index  values  computed  from  these  emission  concentrations, 
Table  XLIII,  the  total  emissions  from  engine  and  rig  measurements 
were  nearly  identical:  32.933  lb/1000  lb  fuel  for  the  engine  and 
32.945  lb/1000  lb  fuel  for  the  rig  test. 

BASELINE  T63-A-5A  COMBUSTOR  RETESTS 

After  the  seventeen  preliminary  combustors  had  been  tested,  a 
retest  of  the  T63-A-5A  baseline  combustor  was  performed.  Since 
the  original  baseline  liner  had  been  modified  into  one  of  the 
preliminary  combustors,  another  production- fabricated  combustor 
liner  was  purchased  for  the  retest.  In  addition,  the  original 
dual-orifice  pressure-atomizing  fuel  injector  which  had  been 
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SABLE 

XLII.  LOH  DOTY  CYCLE  EMISSIONS  FOR  THE 

BASELINE  T63-A-5A  COMBUSTOR  LINER 

Emissions  Index  fib  emissions/1000  lb  fuell 

Emission 

Nonregenerative 
Combustor  Conditions 

Regenerative 
Combustor  Conditions 

c*Hy 

1.S44 

.378 

CO 

26.094 

13.804 

NV 

S.068 

8.412 

Particulates 

.239 

.040 

Total 

32.945 

22.634 

Average 

Fuel  Flow 

140.65  lb/hr 

97.64  Ib/hr 
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Figure  81.  Nonregenerative  T63-A-5A  Combustor 

Hydrocarbon  Emission  Data  Comparison 
for  Engine  and  Test  Rig. 
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Figure 82*  Nonregenerative  T63-A-5A  Combustor 

Carbon  Monoxide  emission  Data  Comparison 
for  Engine  and  Test  Rig* 
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Figure  84.  Nonregenerative  T63-A-5A  Combustor 
Haas  Particulates  Generation  Rate 
Emission  Date  Comparison  for  Engine 
and  Teat  Rig* 


used  in  all  of  the  preliminary  combustor  testing  requiring  a 
pressure-atomizer  injector,  was  replaced  in  the  retest  with 
another  available  fuel  injector.  The  retest  was  performed 
on  June  7,  1972,  and  the  resulting  emissiona/combustor  per¬ 
formance  deviated  markedly  from  the  initial  test.  The  tabu¬ 
lated  test  results  are  given  in  Table  XLIV. 

Comparison  of  the  constituent  emissions  revealed  that  CO  and  CLHy 
increased  slightly,  NO,,  decreased  significantly,  and  particulates 
(smoke  index)  increased  alarmingly.  Pressure  losses  between  tests 
at  the  same  operating  conditions  showed  that  the  effective  liner  flow 
through  areas  were  acceptably  consistent.  This,  in  fact,  was  deter¬ 
mined  physically, as  all  hole  and  cooling  slot  sizes  were  checked 
after  the  test  and  were  found  to  be  within  manufacturing 
tolerance. 


Because  of  the  degradation  in  exhaust  temperature  profile  (T  X/T  ) 

in  the  retest,  the  fuel  injector  was  bench  tested  and  was  found  to 
exhibit  a  31-degre?  circumferential  fuel  flow  distortion.  This  mag¬ 
nitude  of  distortion  was  outside  the  production  acceptance  specifi¬ 
cation.  Excessive  circumferential  flow  distortions  from  a  fuel 
injector  can  produce  a  nonuniform  temperature  pattern  and  cause 
emissions  to  increase 


To  prove  the  repeatability  of  the  combustor  emissions  and  performance 
another  retest  was  scheduled,  but  first  a  new  fuel  injector  was 
secured  and  bench  tested  to  assure  that  its  performance  was  accept¬ 
able.  The  results  of  the  fuel  injector  bench  test  showed  that  the 
flow  vs  pressure  drop  performance  was  within  specifications  and  that 
the  circumferential  flow  distortion  was  only  half  the  allowable 
variation.  The  second  baseline  combustor  retest  was  conducted  on 
July  31,  1972.  The  emission  results  of  this  test,  the  first  retest, 
and  the  initial  test  am  presented  in  Table  XLIV.  The  curves  in 
figures  85  through  88  compare  the  individual  emissions  from  all 
three  baseline  tests.  The  repeatability  of  CO  and  C*Hy  emissions  is 
evident  for  the  initial  test  and  second  retest  in  Figures  8S  end  86. 
The  smell  differences  observed  between  these  two  sets  of  emissions 
esn  essily  be  attributed  to  experimentel  variations  and  not  differ¬ 
ences  between  the  combustors. 


The  N0X  and  smoke  number  data  in  Figures  87  and  88  show  that  it 
was  the  retest  emissions  data  which  repeated.  For  both  retests,  N0- 
was  substantially  below  the  initial  teat  NO-  concentrations,  and  simi¬ 
larly,  both  reteat  amoke  number  data  were  themselves  consistent  but 
a  factor  of  two  or  more  higher  in  magnitude  than  the  initial  sseke 
numbers. 

Emission  index  values  for  all  three  baseline  combustor  teats  were 
c<Mputed  from  the  emission  concentrations  listed  in  Table  XLIV 
and  plotted  in  Figures  8S  through  88.  The  results  of  these 


TABU  XUV.  COMPARISON  OF  T63  NONREiiENERATIVE  EMISSION/ 

COMBUSTOR  PERFORMANCE  OF  CONVENTIONAL  BASELINE 

T63-A-5A  COMBUSTOR  LINERS 

I.  Conventional  Liner  -  Initial  Teat 

_ £yrl 

’.Point 

A.  Emissions  (11-9-71) 

1 

6 

5 

4 

3 

2 

CO,  (PP») 

892.7 

651.5 

495.  S 

382.9 

214.1 

74.7 

M/C.  (PP») 

100. 0 

37.0 

15.8 

4.1 

0,7 

0.6 

NO^,  (On-Line,  (CIR  &  K)UV)(pp») 

17.0 

32.0 

41.1 

45.6 

58.0 

81.9 

NOx,  (On-Line,  CL)  (ppm) 

17.2 

23.4 

32.0 

40.7 

56.3 

80.6 

Nov,  (Ssltimsn)  (ppm) 

18.  S 

27.8 

37.1 

4S.8 

61.3 

90,6 

Smoke  Number 

3. 

7. 

12. 

17. 

25. 

30. 

B.  Pressure  Loss  (.*<) 

4.  (.3 

4.  SI 

4.53 

4.44 

4.38 

4.14 

c.  Tern,,.  Profile  (T^/T^.) 

1.115 

1.142 

1.120 

l.iu 

1.104 

1.06b 

II.  Conventional  Liner  -  Retest  (6-7-12) 

. 

A.  Emissions 

CO.  (PP«) 

966-5 

651.5 

S25.3 

461.9 

289.6 

112.4 

H/C,  (ppm) 

101.0 

60.0 

25.0 

11.2 

2.1 

.9 

(On-Line,  ND1R  *  NMJV)(ppm, 

r  20.7 

25.7 

15.9 

J9.2 

49.3 

70.6 

NO  ,  (Ssltsmmn)  (ppm) 

19.0 

20.7 

29.1 

*7.1 

51.2 

72.9 

Smoke  Nusi-H'r 

8.69 

21. SO 

34.34 

46.56 

56.60 

55.84 

b.  Pressure  Luis  (*) 

9.62 

4.22 

4.4  j 

4.14 

9.11 

4.06 

C.  Trmp.  Profile 

1.20? 

1.210 

1.161 

1.174 

1.158 

1 .121 

III.  Conventional  Liner  -  Retest 

. 

A.  Celasiers 

CO.  (ppm) 

856.6 

6  SI.  S 

465.2 

161.0 

242.5 

97.4 

M/c, (ppm) 

79.0 

18.0 

14.4 

9.6 

1.1 

.0 

,  (On-Line ,  MO IX  4  tfiUV)  (ppm) 

18.6 

2S.2 

12.4 

>7.5 

49.0 

68.1 

,  (Selttmsn)  (ppm) 

19.9 

21.1 

14.6 

44.9 

55.2 

78.6 

Smoke  Number 

10.2? 

20.87 

10.59 

41.92 

50.02 

56. *6 

B.  Pressure  Loss  fS) 

4.46 

9.1? 

4,12 

4.24 

9.02 

1.91 

C.  Temp.  Profile  (T^/T^ ^) 

1.096 

4.191 

1.155 

1.152 

1.141 

1.198 
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Figure  S’1'.  Nonregenerative  Tf> 3-A-SA  Combustor 

Hydrocarbon  Emission  Data  Comparison 
for  Baseline  T63  Combustor  Liners* 
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Figure  86.  ftonregenerative  T63-A-SA  Combustor 

Carbon  Monoxide  Emission  Oat*  Comparison 
for  Ease lire  T63  Combustor  Liners. 
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calculations  are  summarized  in  i'able  XLV.  Shown  here  are  the  values 
of  constituent  as  well  as  total  emissions  indexes  In  the  top  half 
of  the  table,  the  El  values  are  tabulated  in  units  of  lb  emission/ 
1000  lb  of  fuel;  in  the  bottom  half  of  the  table  are  relative  El 
values,  based  upon  the  initial  test  results.  Xt  is  clear  from 
the  total  emissions  column  that  the  initial  test  (11/9/71)  and  the 
second  retest  (7/31/72)  data  repeat  very  well,  and  that  the  first 
retest  exhibited  a  significant  increase  in  total  emissions.  It  is 
also  easily  seen  which  magnitudes  of  the  constituent  emissions 
repeat  and  which  do  not  repeat. 

The  search  for  an  explanation  of  the  differences  in  constituent 
emissions  showed  that  the  poor  circumferential  flow  distribution  of 
the  fuel  injector  used  in  the  first  retest  was  responsible  for  the 
shift  to  higher  CO  and  CxHy  emissions  in  that  test,  since  the  new 
fuel  injector  used  in  the  second  retest  returned  these  emissions 
to  approximately  their  initial  concentrations.  This  conclusion  is 
supported  by  examination  of  the  temperature  profile  data  plotted  in 
Figure  89.  In  this  figure  the  conventional  liner  initial  test 
baseline  profile  is  indicated  along  with  other  recorded  profiles 
for  that  combustor  taken  during  the  same  period  of  time.  The 
reason  for  the  variation  in  profile  values  is  simply  a  reflection 
of  the  fluctuating  behavior  of  the  exhaust  as  it  exits  the  combustor. 
Temperature  profile  changes  of  these  magnitudes  are  typical  of  all 
of  the  tests  conducted;  thus  either  an  average  value  over  a  reason¬ 
able  time  period  should  be  used  to  quantify  the  profile  or  a  band 
containing  the  typical  fluctuations  should  be  used.  This  latter 
idea  has  been  indicated  in  Figure  89  by  the  portion  of  the  graph 
labeled  "Conventional  Liner  Profile  Band."  The  temperature  profile 
designated  as  "baseline"  typically  corresponded  to  the  lower  edge 
of  that  band. 

The  first  retest  profile  is  also  plotted  on  this  curve,  and  these 
data  are  consistently  at  or  above  the  upper  edge  of  the  initial  test 
profile  band.  This  supports  the  contention  that  the  fuel  injector 
in  the  first  retest  was  functioning  improperly.  The  second  retest 
temperature  profile  (7/31/72)  shows  an  overall  improvement  when 
compared  to  the  first  retest.  Four  values  are  within  the  profile 
band,  one  value  is  above,  and  one  value  is  below. 

The  temperature  profile  improvement  with  the  new  fuel  injector  did 
not  return  the  N0X  and  smoke  number  readings  to  the  initial  test 
levels.  In  fact,  the  N0X  and  smoke  repeated  quite  well  with  the 
first  retest  data.  Since  the  initial  test  was  conducted  in  the 
late  fall  and  the  retests  were  conducted  in  the  summer,  the  effect 
of  seasonal  differences  on  the  combustor  inlet  air  or  changes  in  the 
fuel  during  the  interim  might  help  to  explain  the  changes  in  N0X 
and  smoke.  All  combustor  testing  on  this  contract  was  performed 
with  JP-4  fuel.  The  DDA  Test  Department  had  conducted  emission 
measurements  on  another  engine  using  JP-5  fuel,  also  in  the  winter 
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TABLE  XLV. 

EMISSION  INDEX  SIMiARY 

FOR  CONVENTIONAL  T63-A-5A 
COMBUSTORS 

EMISSION  CONSTITUENT 

Test 

Date 

CxHy 

CO 

N0X* 

Particu¬ 

lates 

Total 

Emissions 

Actual  Emission 

Index  (lb/1000  lb  Fuel) 

11/9/71 

1.544 

26.094 

5.068 

.239 

32.945 

5.189 

33.066 

6/7/72 

2.067 

30.569 

4.427 

1.422 

38.485 

4.216 

38.274 

7/31/72 

1.323 

25.080 

4.241 

1.100 

31.744 

4.881 

32.384 

Relative 

Emission  Index 

(X) 

11/9/71 

100 

100 

100 

100 

100 

102 

100 

6/7/72 

134 

117 

87 

595 

117 

83 

116 

7/31/72 

86 

96 

84 

460 

96 

96 

98 

♦First  NO  Line 

X 

is  for  On-Line  NDIR  +  NDUV. 

Second 

N0X  Line 

is  for  Saltzman. 

Temperature  Profile 


5  1.16 
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Figure  89.  Nonregenerative  T63-A-5A  Combustor 
Temperature  Profile  Comparison  for 
Baseline  T63  Combustor  Liners. 


and  summer, and  had  observed  similar  differences  in  N0X  and  smoke 
between  the  seasonal  tests.  Therefore,  it  was  discounted  that 
changes  in  fuel  had  caused  the  differences  in  N0X  and  smoke. 

It  is  known  that  water  vapor  has  a  significant  effect  on  nitric 
oxide  emissions.  2  With  this  phenomenon  in  mind,  relative  humidities 
for  the  test  dates  of  the  baseline  combustor  were  obtained  from  DDA 
Facilities  Department  records,  and  absolute  atmospheric  humidities 
experienced  during  each  test  were  determined.  The  on-line  NDIR  + 
NDUV  N0X  concentrations  for  each  baseline  test  were  plotted  as  a 
function  of  the  atmospheric  absolute  humidity  for  lines  of  constant 
power,  see  Figure  90.  The  trend  of  N0X  decrease  with  moisture 
content  increase  is  compatible  with  the  predictions  of  Moore. 32 

Perhaps,  of  even  more  significance  was  the  seeming  correlation  of 
smoke  number  increase  with  air  moisture  content,  as  can  be  seen  in 
Figure  91.  Examination  of  these  curves  reveals  that  between  the 
first  test  and  the  second  retest,  the  smoke  number  significantly 
increased  for  the  same  quality  of  combustor  components,  liner,  and 
fuel  injector.  The  peaking  of  the  smoke  numbers  from  the  first 
retest  was  probably  a  result  of  the  poor  distribution  from  the  fuel 
injector. 

It  therefore  appears  from  the  experimental  data  recorded  from  this 
test  program  that  both  N0X  concentrations  and  smoke  number  may 
be  influenced  by  the  concentration  of  moisture  in  the  combustor 
inlet  air.  Future  testing  should  be  conducted  with  this  observa¬ 
tion  in  mind, and  inlet  combustor  air  moisture  content  should  be 
measured  in  addition  to  the  standard  inlet  parameters. 
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Figure  90.  Conventional  T63-A-5A  Nitrogen  Oxides 
Variation  With  Atmospheric  Humidity. 
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Figure  91.  Conventional  T63-A-SA  Smoke  Humber 
Variation  With  Atmospheric  Humidity 


APPENDIX  II 

DESIGN  AND  EXPERIMENTAL  RESULTS  OF 
PRELIMINARY  LOW -EMISSION  COMBUSTORS 


The  following  seventeen  combustors  were  designed  and  tested  to 
determine  preliminary  emission  performance  data. 

•  Extended  Length 

•  Rich  Primary  Zone 

•  Air  Blast/Air  Assist 

•  Variable  Geometry 

•  Early  Quench 

•  Delayed  Dilution 

•  Delayed/Annular  Dilution 

•  Premix  Cup/Gaseous  Fuel 

•  Plug  Flow/Canted  Primary 

•  Tangential  Swirl 

•  Swirl  Dome 

•  Rich  Premix/Swirl 

•  Pepper-Pot  Dome 

•  Delayed  Quench 

•  Premix/Prevaporisation 

•  Prechamber 

•  Optimum  Primary 

The  approach  was  to  obtain  a  low-coat,  rapid  evaluation  of  each 
of  the  above  concepts.  The  beat  concept  or  concepts  would  then  be 
designed  into  the  final  configuration (a)  aa  discussed  in  Appendix 
III  and  Appendix  IV  to  meet  the  contract  objectives.  Detailed 
experimental  reports  were  published  on  each  of  the  combustors  and 
are  available  upon  request.  This  appendix  presents  a  summary  of 
those  reports  for  each  of  the  combustors  which  were  evaluated  at 
primarily  the  T63-A-SA  no nre generative  combustor  operating  condi¬ 
tions  presented  in  Table  IV. 
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As  fibown  in  that  table,  six  steady-state  operating  conditions  were 
defined  from  idle  through  maximum  power.  Host  of  the  above-listed 
combi&tors  were  tested  at  all  six  conditions,  but  a  limited  number 
of  combustors  were  tested  at  fewer  sets  of  conditions  due  to  com¬ 
bustor  operational  problems.  However,  some  of  the  combustors,  such 
as  the  "Variable-Geometry  Combustor",  were  tested  at  many  additional 
conditions.  Thirty  lines  of  data  were  obtained,  including  both  non- 
tugenerative  and  regenerative  conditions.  Furthermore,  some  of  the 
seventeen  combustors  were  modified  and  retested.  A  total  of  177  lines 
of  experimental  data  were  obtained  for  the  seventeen  preliminary  low- 
emission  combustors. 

Sixteen  of  the  combustors  were  tested  with  JP-4  fuel;  the  other  coift- 
bustor,  "Premix  Cup/Gaseous  Fuel",  was  tested  with  gaseous  propane. 

The  total  emission  indexes  were  calculated  from  the  experimental 
emission  data  for  the  seventeen  preliminary  low-emission  combust  rs. 
The  calculations  were  made  for  the  previously  defined  LOH  duty  cycle 
and  the  T63  nonregenerative  engine.  These  results  could  then  be 
compared  as  shown  in  Table  XLVI  with  the  baseline  combustor  to  deter¬ 
mine  the  potential  of  the  concepts  for  meeting  the  contract  emission 
reduction  objectives.  These  objectives  are  to  reduce  the  total  emis¬ 
sions  SQft  without  an  increase  in  any  individual  emission.  As  shown 
in  Table  XLVI,  eight  of  the  preliminary  combustors  met  the  SOX  emis¬ 
sion  reduction  objective,  but  only  the  "Prechamber"  combustor  met  the 
second  objective  of  no  increase  in  the  individual  emissions.  However, 
a  combination  of  some  of  the  separate  features  in  the  seventeen  pre¬ 
liminary  combustors  might  be  combined  into  a  combustor  to  meet  the 
contract  objectives.  This  in  fact  was  done;  therefore,  two  combustors 
were  selected  from  this  preliminary  evaluation  for  further  experi¬ 
mental  evaluation  as  reported  in  Appendixes  III  and  IV.  These  were 
the  "Prechamber"  and  "Modified  Conventional." 

This  appendix  reports  only  on  the  design  and  experimental  results 
from  the  preliminary  low-emission  combustors.  Each  of  the  combustors 
is  discussed  separately  in  the  following  sections. 

Task  2  analytical  studies  predicted  that  significant  reductions  in 
CO  and  CxHy  could  be  achieved  by  increasing  the  residence  time  in 
the  intermediate  cone.  This  intermediate  cone  is  the  section  be¬ 
tween  the  primary  tone  and  the  dilution  tone.  The  calculations  show 
that  at  the  intermediate  tone  temperatures,  the  CO,  CxHy  and  C  could 
be  consumed  with  only  small  increases  in  NOx*  * 

A  T63-A-SA  combustor  was  modified  to  obtain  the  "Extended-Length" 
combustor.  The  only  modification,  as  shown  in  Figure  92,  waa  to 
add  a  6-inch  cylindrical  section  between  the  primary  holes  and  the 
first  row  of  dilution  holes. 


TABLE  XLVI.  RELATIVE  EMISSION  INDEX  PERFORMANCE  OF 
PRELIMINARY  LOW-EMISSION  COMBUSTORS 
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The  "Ex tended- Length”  combustor  was  tested  with  the  T63-A-5A 
conventional  pressure- atomizing  fuel  injector  and  spark  ignition 
system.  JP-4  fuel  was  used  in  the  experiments.  The  combustor 
was  tested  at  six  s^ead^- state  conditions  defined  in  Table  IV. 
These  simulated  conditions  correspond  to  the  combustor  conditions 
for  the  T63-A-5A  nonregenerative  engine  operating  at  idle 
(1094  power)  through  maximum  power. 

The  CO  emissions  from  the  "Extended-Length"  combustor  were  signif¬ 
icantly  less  than  those  from  the  T63-A-5A  conventional*  baseline 
combustor*  as  shown  in  Figure  93.  Similarly,  as  shown  in  Figure  94 
the  CxHy  emissions  were  also  reduced  significantly.  However* 
the  NO*  emissions  from  the  "Extended-Length"  combustor  were  more 
than  those  from  the  T63-A-SA  combustor*  as  shown  in  Figure  95. 

The  higher  NOx  was  due  to  the  increased  residence  time.  The  smoke* 
like  the  CO  and  CxHy,  was  also  significantly  reduced  from  the 
"Extended  Length"  combustor.  As  shown  in  Figure  96,  the  smoke 
was  reduced  to  very  low  values  at  all  operating  conditions  in¬ 
cluding  maximum  power.  The  same  amount  of  carbon  was  probably 
formed  in  the  primary  zone*  but  it  was  consumed  during  the  lot.g 
residence  time  section  in  the  intermediate  zone  of  the  combustor. 

The  emission  data  from  the  "Extended -Length”  combustor  presented  in 
Figures  93  through  96  were  used  to  calculate  the  emission  indexes 
for  the  previously  defined  T63  powered,  LOH  duty  cycle.  These 
emission  indexes  for  the  "Extended  Length"  combustor  were  compared 
to  the  T63-A-5A  baseline  combustor  and  show  the  following  effects 
on  emission  performance: 

•  C  H  emissions  were  reduced  5694. 

—  y 

•  CO  emissions  were  reduced  6794* 

•  NO  emissions  were  increased  2494. 

x 

•  The  particulates  were  reduced  8694. 

As  shown  in  Table  XLVI,  the  net  effect  was  a  5294  reduction  in 
total  emissions.  this  mat  the  first  contract  objective  to  reduce 
the  emissions  5094.  However,  it  did  not  meet  the  contract  objec¬ 
tive  of  no  increase  in  individual  emissions  because  the  NO*  in¬ 
creased  2494.  Furthermore,  the  reduction  was  not  achieved  in  the 
same  combustor  envelope.  The  tests  were  significant, however, for 
two  reasons: 

•  A  very  simple  change  in  the  combustor  can  provide 
significant  reductions  in  total  emissions. 

•  A  properly  designed,  optimized  trade-off  in  the  primary 
zone/intermediate  zone/dilution  zone  will  undoubtedly 
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Figure  93.  Honregeneretive  T6 3-A-SA  Conbustor 

Carbon  Monoxide  Emission  Date  Comparison 
With  Extended-Length  Combustor  Liner. 
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Figure  95.  Nonregerierative  T63-A-5A  Combustor 

Nitrogen  Oxides  Emission  Data  Comparison 
With  Extended-Length  Combustor  Liner. 
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Figure  96.  Nonregenerative  T63-A-5A  Combustor 

Smoke  Comparison  With  Extended-Length 
Combustor  Liner. 
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provide  significant  reductions  in  total  emissions  even 
within  the  same  combustor  envelope. 

The  only  surprise  from  the  experiments  was  the  degradation  in 
temperature  profile  as  shown  in  Figure  97.  Previous  and  subse¬ 
quent  experiments  have  shown  that  the  T63-A-5A  is  very  sensitive 
to  the  external  aerodynamic  flow  between  the  liner  and  outer 
combustor  case.  With  the  extended  length,  the  airflow  into 
the  dilution  was  probably  unbalanced  slightly  and  led  to  the 
degradation  in  temperature  profile  shorn  in  Figure  97.  A  careful 
tailoring  of  the  dilution  zone  holes  in  a  development  program 
would  probably  result  in  a  temperature  profile  comparable  to  the 
T63-A-SA  baseline  combustor. 

Visual  examination  of  the  combustor  after  the  experiments  did  not 
reveal  any  structural  damage  and  did  not  indicate  any  potential 
durability  problem.  This  was  encouraging  because  no  additional 
film  coolant  was  added.  Thus  the  first  coolant  film,  as  shown 
in  Figure  92,  had  to  cool  a  much  larger  section  of  the  combustor 
liner  than  in  the  T63-A-5A  conventional  baseline  combustor. 

Based  upon  the  significant  emissions  reduction  achieved  with  the 
"Extended-Length”  liner,  its  concept  was  recommended  for  further 
study  in  a  conventional-length  liner.  The  concept,  as  pursued  and 
described  in  a  later  section  in  this  appendix,  was  termed 
"Delayed  Dilution"  when  applied  to  the  conventional-length  liner. 

Ii  the  anticipated  low-emission  performance  is  achieved  in  the 
conventional  envelope,  its  inclusion  in  the  final  low-emission 
combustor  would  certainly  be  recommended. 

Further  interesting  experiments  would  have  been  to  investigate 
additional  extended  lengths.  The  only  extended-length  investi¬ 
gated  was  the  6  inch  extension.  These  additional  experiments, 
supported  by  the  emission  kinetics  analysis  program,  would  estab¬ 
lish  the  CO,  CxHy,  C  versus  N0X  trade-offs  as  a  function  of 
intermediate  zone  resident  time.  However, these  additional  studies 
were  beyond  the  scope  of  the  program. 

RICH  PRIMARY  ZONE  COMBUSTOR 

The  conventional  T63-A-5A  combustor  operates  at  0.77  design 
equivalence  ratio  in  the  primary  zone  at  maximum  power.  Therefore, 
the  conventional  combustor  has  relatively  high  CO  and  CxHy  and 
low  NOx  over  the  operating  range.  Task  2  studies  and  previously 
reported  experimental  data  had  indicated  that  significant  reduc¬ 
tions  in  CO  and  (^Hy  could  be  obtained  with  small  increases  in 
NOjt  by  enriching  the  primary  zone  fuel/a Ir  ratio. 

An  available  regenerative  T63  combustor  liner  chown  in  Figure  98 
was  selected  for  use  in  this  evaluation  of  the  "Rich  Primary  Zone" 
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Figure  97.  Nonregenerative  T63-A-5A  Combustor 
Temperature  Profile  Data  Comparison 
With  Extended-Length  Combustor  Liner. 
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combustor.  The  selected  combustor  was  essentially  the  same  as 
the  conventional  T63-A-5A  combustor  except  that  the  holes  sizes  and 
number  were  modified  to  obtain  a  1.0  equivalence  ratio  in  the 
primary  zone  at  maximum -power,  nonregenerative  engine  conditions. 

The  rich- primary- zone  combustor  was  tested  at  the  six  T63  non¬ 
regenerative  operating  conditions  defined  in  Table  IV.  These 
conditions  varied  from  idle  (10%  power)  through  maximum  power. 

The  combustor  was  tested  with  JP-4  fuel.  A  standard  T63  pressure 
atomizing  fuel  injector  and  spark  igniter  were  used  in  the  experi¬ 
ments. 

The  CO  and  CxHy  from  the  rioh-primary-zone  combustor  were 
significantly  less  than  from  the  T63-A-5A  conventional  combustor, 
as  shown  in  Figures  99  and  100.  However,  the  NQx»  as  shown  in 
Figure  101 , increased  slightly.  The  smoke  increased  considerably, 
as  shown  in  Figure  102 , which  was  an  expected  result  based  upon 
previous  data  from  other  combustors.  The  emission  data  presented 
in  Figures  99  through  102  were  used  to  calculate  the  emission  indexes 
for  the  previously  defined  LOH  duty  cycle.  The  emission  index 
performance  of  the  rich-primary-zone  combustor  as  compared  to  the 
T63-A-SA  conventional  baseline  combustor  was  as  follows: 

•  The  C  H  decreased  37%. 

x  y 

•  The  CO  decreased  35%. 

•  The  NO^  increased  10%. 

•  The  particulate  increased  221%. 

As  shown  in  Table  XLVI,  the  effect  on  total  emissions  was  a  27% 
reduction.  The  contract  objective  was  a  reduction  in  total  emis¬ 
sions  of  50%.  Therefore, the  combustor  did  not  meet  this  objective, 
nor  did  it  meet  the  additional  objective  of  no  increase  in  any 
individual  emission.  It  could,  however,  be  combined  with  other 
approaches  to  perhaps  achieve  the  contract  objectives. 

AIR-BLAST/AIR-ASSIST  FUEL  INJECTORS 

During  this  contract, two  different  air-blast  fuel  injectors  were 
tested.  One  of  these  was  also  operated  as  an  eir-assist  fuel  injector. 
For  both  fuel  injectors,  the  only  modifications  made  to  the  T63-A- 
5A  conventional  liners  were  changes  to  the  fuel  injector  bushing 
so  that  the  particular  injector  could  be  used. 

The  first  air-blast  fuel  injector  combustor  test  was  previously 
designed  and  developed  at  DDA  for  the  T63-A-SA  engine.  However,  its 
emission  performance  had  not  been  determined  previously.  This 
injector  was  labeled  the  "DDA  Air-Blast  Fuel  Injector"  and  is 
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Figure  99.  Carbon  Monoxide  Emission  Data  Comparison 

for  Standard-Length,  Rieh-Primary-Zone  Combustor 
(Regenerative  Tb3  Liner),  and  T63  Baseline 
Combustor*. 
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Figure  100.  Nonregenera tive  T63-A-SA  Combustor 

Hydrocarbon  Emission  Data  Comparison  for  Standard' 
Length, Rich-Primary-Zone  Combustor  (Regenerative 
T63  Liner),  and  T63  Baseline  Combustors. 
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Figure  101.  Nonregenera  tive  T63-A-SA  Combustor  f 

Nitrogen  Oxide  Emission  Data  Comparison  for  I 

Standard-Length, Rich-Primary-Zone  Combustor 
(Regenerative  T63  Liner),  and  T63  Baseline 
Combustor. 
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Saioke  Nusber  (SAE  ARP  1179  Procedure 


Figure  102.  Nonregenerative  T63-A-SA  Combustor 

Smoke  Data  Comparison  for  Standard-Length, 
Rich-Primary-Zone  Combustor  (Regenerative 
T63  Liner),  and  T63  Baseline  Combustors. 


pictured  as  installed  in  the  conventional  liner  in  Figure  103. 

A  view  of  the  installed  fuel  injector  from  inside  the  combustor 
liner  is  seen  in  Figure  104.  The  DDA  air-blast  fuel  injector 
utilized  a  double  set  of  straight  bladed  radial  swirler  vanes, 
which  was  the  primary  design  difference  between  the  two  injectors. 

The  second  fuel  injector  was  manufactured  for  use  on  this  contract 
by  the  Ex-Cell-0  Corporation.  The  Ex-Cell-0  fuel  injector  design 
4  sketch  is  shown  in  Figure  105.  Tangential  air  passages  were  cut 
through  the  nozzle  cylinder  surrounding  the  pressure  atomizer.  The 
air- fuel  droplet  mixture  then  entered  the  combustor  through  the 
end  of  the  nozzle  cylinder.  This  injector  was  designed  both  for 
a  simple  air-blast  mode  (Figure  106),  utilizing  the  differential 
pressure  across  the  combustor  liner  as  the  blast  air  pressure,  and 
for  an  air-assist  mode  (Figure  107),  utilizing  air  from  a  controlled 
external  air  source. 

The  hole  patterns  and  sizes  in  the  liners  were  unchanged  from  their 
conventional  T63  conditions,  but  because  the  air  was  being  added 
through  the  fuel  injectors,  the  equivalence  ratios  in  the  primary 
decreased  an  undetermined  amount  from  the  0.77  value  in  the 
conventional  combustor. 

The  air-blast/air-assist  fuel  injectors  were  tested  at  the  T63 
non- regenerative  combustor  operating  conditions  given  in  Table  IV. 
The  tests  were  conducted  at  steady  state  conditions  using  JP-4  fuel 
and  the  conventional  T63  ignition  system. 

Air-assist  combustor  data  was  obtained  for  assist  pressures 
of  10*  and  20*  above  burner  inlet  pressure  (BIP)  for  all  combustor 
conditions  for  which  air-assist  supply  pressure  was  adequate. 

Carbon  monoxide  results  are  presented  in  Figure  108  and  show  that 
the  Ex-Cell-0  air-blast/air-assist  fuel  injector  produced 
essentially  the  same  emissions  as  the  conventional  combustor  ex¬ 
cept  at  low-power  conditions,  where  the  CO  emissions  were  higher. 
There  was  no  consistent  difference  between  the  air-blast  mode  and 
the  air-assist  mode  of  this  injector  in  CO  emissions.  The  OOA  air- 
blast  fuel  injector  produced  significantly  higher  CO  at  all  cycle- 
point  conditions.  The  increases  in  CO  emissions  reflect  partially 
the  leaning  out  of  the  combustor  primary  zone  by  the  assist  or 
blast  sir  addition. 

Considerable  increases  in  hydrocarbon  emissions  were  observed  for 
both  nonstandard  fuel  injectors,  as  can  be  seen  in  Figure  109. 

Here  again, the  OOA  air-blast  injector  CxHy  production  was  con¬ 
sistently  higher  (for  any  mode  of  operation)  than  the  Ex-Cell-0 
fuel  injector.  The  air  addition  by  the  D0A  air-blast  injector 
was  such  higher  than  the  air  addition  through  the  air-blast/air- 
assist  fuel  Injector, which  reduced  the  primary-zone  fuel/air  to 
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Figure  108. 


Nonregenera tive  T63-A-5A  Combustor 

Carbon  Monoxide  Emission  Data  for  Air-Blast  and 

Air-Assist  Fuel  Injectors  and  Baseline  Injectors. 
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Figure  109.  Nonregenerative  TC3-A-SA  Combustor 

Hydrocarbon  Emission  Data  for  Air-Blast  and 
Air-Assist  Fuel  Injectors  and  Baseline 
Injectors. 
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the  lowest  of  any  of  the  configurations  shown. 

Oxides  of  nitrogen  for  all  configurations,  shown  in  Figure  110, 
had  consistently  lower  concentrations  than  the  conventional  T63 
combustor.  Of  the  special  fuel  injectors,  the  air  assist  ex¬ 
hibited  lower  NO*  on  the  on-line  instruments  (NDIR  +  NDUV);  but 
from  the  wet  chemistry  samples  (Saltzman),  the  concentrations 
were  nearly  identical. 

The  greatest  variation  in  the  performance  of  the  individual  fuel 
injectors  was  in  the  degree  of  the  smoke/particulate  reduction 
from  the  conventional  T63  combustor,  see  Figure  111.  The  two  air- 
blast  injectors  reduced  the  smoke  most  significantly.  The  DDA 
air-blast  injector  was  as  effective  in  smoke  reduction  as  the  6-inch 
additional  length  of  the  "Extended- Length  Liner."  The  air-assist 
fuel  injection  exhibited  adequate  smoke  reduction  above  50%  power 
operating  conditions.  Since  smoke  reduction  is  one  of  the  primary 
purposes  of  an  air-blast  or  air-assist  fuel  injector,  all  of  the 
data  taken  showed  that  the  smoke  reductions  for  each  injector  were 
good- to-excel lent. 

The  temperature  profile  data, compared  in  Figure  112, show  T  /T 

values  for  the  air-blast/air-assist  fuel  injectors  somewhere  be¬ 
tween  the  "Conventional  T63  Combustor"  and  the  "Extended-Length 
Combustor."  The  DDA  air-blast  fuel  injector  exhibited  temperature 
profiles  equal  to  the  "Conventional  T63  Combustor." 

Using  the  data  presented  in  Table  XLVII,  the  Emission  Index  (El) 
values  for  the  selected  LOH  duty  cycle  were  calculated.  The  re¬ 
sults  of  those  calculations  are  summarized  below: 

Emission  Index 

Fuel  Injector  lb  emission/1000  lb  fuel 

DDA  Air  Blast  40.440 

Ex-Cell-0 
Air  Blast 
10%  Air  Assist 
20%  Air  Assist  (No 
data  for  75% 
and  100%  power) 

The  El  for  the  "Conventional  T63  Combustor"  with  the  standard 
pressure- atomizing  fuel  injector  was  32.946  lb  emission/1000 
lb  fuel.  The  Ex-Cell-0  air-blast/air^- assist  fuel  injector  ohowed 
almost  no  increase  in  total  El  because  the  increase  in  CxHy  was 
offset  by  the  reductions  in  N0X  and  smoke.  However,  the  DDA  air- 
blast  injector  test  revealed  an  increase  in  total  emissions  of  23% 


33.128 

33.946 

27.127 


220 


Oxides  of  Nitrogen  as  NO2  -  PPM  (On-Line,  NDIR  +  NDUV) 
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Figure  111. 
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Temperature  Profile 
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Figure  112. 


Nonregenerative  T63-A-5A  Combustor 

Temperature  Profile  Data  Comparison  for  Air-Blast 

and  Air-Assist  Fuel  Injectors  and  Baseline  Injectors. 
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Table  XLVII  -  Continued 


IV.  Standard  Length  Air-Blast/Air-Assist 

Injector  in  Air-Blast  Mode 

A. 

Emissions 

CO,  (ppm) 

H/C,  (ppm) 

N0x,  (On-Line,  NDIR  &  NDUV)  (ppm) 
N0x,  (Saltzman)  (ppm) 

Smoke  Number 

B. 

Pressure  Loss  (*) 

C. 

Temp.  Profile  (T  /T  ) 

'  max  avg' 

V.  Standard  Length  A ' r-Blast/Air-Assist 

Injector  in  Air-Assist  Mode  (10*  A P) 

A. 

Emissions 

CO,  (ppm) 

H/C,  (PPm) 

N0x,  (On-Line.  NUIR  &  NDUV)  (ppm) 
NO*.  (Saltzman)  (ppm) 

Smoke  Number 

B. 

Pressure  Loss  (*) 

C. 

Temp.  Profile  (T  /T  ) 
v  m«x  tvg' 

VI.  Standard  Length  Air-Blast/Air-Assist 

Injector  in  Air-Assist  Mode  (20*  AP) 

A. 

Emissions 

CO,  (ppm) 

H/C, (ppm) 

H0X,  (On-Line,  NDIR  A  NDUV)  (ppm 

N0x,  (Saltzman)  (ppm) 

Smoke  Number 

B. 

Pressure  Loss  (*) 

C. 

Temp.  Profile  (T  /T  ) 
v  max  a 

966. 5 
175.0 
23.0 

le.s 

1.93 

5.47 

1.117 


L042.5 
260.0 
23.5 
15.2 
4.32 
S.  37 
1.152 


.004.2 
200.0 
22.0 
16.4 
3.71 
S.  35 
1.172 


717.8 

73.0 

26.0 

23.6 

3.77 

5.35 

1.127 


751.7 

99-0 

27.5 

23.2 

8.93 

5.37 

1.141 


717.8 

77.0 

24.5 

24.3 

6.90 

5.31 

1.155 


Cycle  Point, 


5 


49  S.  0  359.2 

16.5  4.2 

28.0  38.5 

31.9  41.3 


228.1  108.6 


10.31  14.02 


1.155  1.158  1.198  1.149 


495.0  362.5 
19.0  4.0 


9.48  15.80 

5.57  5.39 

1.170  1.159 


221.0 

.8 

43.0 

55.5 

17.33 

5.02 

1.171 


465.2  355.9 

18.0  3.2 

31.0  23.0 

33.1  39.8 

8.91  12.78 
5.45  5.26 

1.160  1.143 


4.5*  AP  (Maximum  Available)  Air  Asaist 


caused  by  the  rise  in  the  CO  and  CxHy  concentrations. 

In  a  separate  DDA  funded  test  series  in  1971,  it  was  experimentally 
shown  that  by  reducing  the  primary-zone  airflow  by  partially  blocking 
the  dome  and  primary- zone  holes  to  compensate  for  the  air  entering 
through  the  injector,  the  emissions  of  CxHy,  CO,  and  N0X  could  be 
maintained  at  essentially  conventional  concentrations  (no  increase 
in  total  El).  The  total  emissions,  as  shown  in  Table  XLVI,  increased 
only  6%  with  the  modified  liner.  The  substantial  smoke  reduction, 
as  seen  in  Figure  111,  was  not  affected  by  these  liner  modifications. 

The  air-blast/air-assist  fuel  injector  did  not  reduce  the  total 
emissions  and  thus  did  not  meet  the  contract  objective  of  a  50% 
reduction  in  total  emissions.  The  intent  of  these  tests  was  to 
experimentally  evaluate  the  effects  of  air-blast  and  air-assist  fuel 
injectors  on  emissions  in  general  and  on  smoke  in  particular.  As 
shown  in  Table  XLVI,  the  smoke  (particulates)  was  reduced  as  follows: 

•  DDA  Air-Blast  Fuel  Injector  -  85%  reduction 

•  Ex-Cell-0  Air-Blast  Fuel  Injector  -  64%  reduction 

•  Ex-Cell-0  Air-Assist  Fuel  Injector  -  26%  reduction 

This  feature  of  smoke  reduction  with  no  significant  effect  on  other 
emissions  can  have  immediate  application  in  combustors  which  require 
smoke  control. 

Visual  examination  of  the  combustor  liners  and  fuel  injectors  after 
the  test  did  not  reveal  any  apparent  damages. 

It  was  recommended  that  an  air-blast  fuel  injector  be  used  in  the 
final  combustor  concept. 

yimmsssmm.  smism 

The  modifications  made  to  the  T63  conventional  liner  to  obtain  a 
"Variable-Geometry,  Extended-Length  Liner,"  as  shown  in  Figure  113, 
were: 

•  Add  6  inch  length,  of  constant  diameter,  aft  of  the  primary 
holes. 

•  Close  the  trim  and  dilution  holes  in  the  conventional  liner. 

•  Add  six  rectangular  dilution  holes  (1.621  x  1.460  circular 
arc  on  O.D.),  equally  spaced. 

•  Add  a  variable-geometry  slip  band  over  the  dilution  holes 
such  that  the  dilution  hole  open  area  can  be  adjusted  at 
any  position  from  full  open  to  full  closed.  The  variable- 
geometry  band  movement  was  in  the  circumferential  direction. 
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Figure  113.  Preliminary  Low-Emission,  Variable-Geometry, 
Extended- Length  Combustor  Liner. 


With  the  above  geometry  modifications,  the  ’’Variable-Geometry, 
Extended*  Length  Liner”  could  operate  over  the  following  range  of 
calculated  primary-zone  equivalence  ratios: 


Dilution  Zone  Variable 
Geometrv  Settina 

Primary  Zone 

Equivalence  Ratio 
max.  Dower) 

100%  Open 

1.54 

80%  Open 

1.33 

60%  Open 

1.11 

40%  Open 

0.897 

20%  Open 

0.682 

0%  Open 

0.466 

The  hole  pattern  snd  size  comparison  for  the  "Variable-Geometry, 
Extended- Length  Liner,"  "Conventional  Liner,"  and  "Extended-Length 
Liner"  is  shown  in  Figure  114.  The  airflow  area  splits  for  the 

"Conventional  Liner"  and  "Extended-Length  Liner"  were  the  same 
and  are  tabulated  below: 

Dome  Holes  ..... 

«  » 

....  11.8% 

First  Cooling  Step  . 

*  • 

....  11.2% 

Primary  Holes.  .  .  . 

•  a 

....  26.3% 

Second  Cooling  Step. 

•  » 

....  11.2% 

Trim  Holes  ..... 

•  * 

....  15.2% 

Dilution  Holes  .  .  . 

*  ♦ 

99.9% 

With  the  above  calculated  flow  splits 
ratio  at  maximum  power  is  0.77. 

,  the  primary  zone  equivalence 

The  "Variable-Geometry,  Extended-Length  Liner"  as  fabricated  for 
test  is  shown  in  Figure  115.  The  liner  was  tested  in  the  T63 
combustor  rig  at  all  the  nonregenerative  T63  combustor  conditions 
tabulated  in  Table  IV  and  at  some  of  the  regenerative  T63  combustor 
conditions  tabulated  in  Table  V.  JP-4  fuel  and  the  standard  T63 
pressure-atomizing  fuel  injector  were  used  in  all  the  experiments. 
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Flgu.~<?  114.  Hole  Pattern  and  Sire  Comparison  of  Liners 


Figure  11 S-  Preliminary  Lov-E*i«*<or..  Variable-Geometry, 
Extended-Length  Combustor  Liner. 
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The  emission  data  at  nonregenera tive  conditions  for  the  "Variable- 
Geometry,  Extended-Length  Liner"  is  summarized  in  Table  XLVIII. 
Emission  data  was  obtained  with  the  variable-geometry  dilution  set 
at  the  following  open  positions:  100%,  80%,  60%,  40%,  20%,  and  0%. 

As  shown  in  Table  XIVIII,  data  was  not  obtained  at  all  variable- 
geometry  cycle-point  combinations.  Although  more  combinations 
could  have  been  tested  there  was  the  limitation  of  fuel  lean  blow¬ 
out  at  some  variable-geometry  cycle-point  combinations.  The 
"Variable-Geometry,  Extended-Length  Liner"  emission  data  (Table 
XLVIII)  has  been  compared  with  emission  data  from  the  "Conventional 
Liner"  and  "Extended-Length  Liner"  (Table  XLIX) .  The  comparisons 
for  carbon  monoxide,  hydrocarbon,  oxides  of  nitrogen,  and  smoke  are 
presented  in  Figures  116  through  119.  The  results  were  approximately 
as  predicted,  except  the  reduction  in  N0X  at  the  full-closed,  maxi¬ 
mum-power  conditions  was  less  than  predicted.  This  could  be  a  result 
of  air  leakage  under  the  variable-geometry  band  which  would  result 
in  a  higher  primary-zone  fuel/air  ratio  (temperature)  than  desired 
to  obtain  the  N0X  emission  reduction. 

Limited  experiments  were  also  conducted  at  T63  regenerative 
conditions.  The  emission  data  are  summarized  in  Table  L  and  show 
the  same  trends  as  the  nonregenera tive  data: 

•  Carbon  monoxide  and  hydrocarbon  decrease  and  oxides  of 
nitrogen  and  smoke  increase  as  the  primary-zone  fuel/air 
ratio  is  increased. 

•  The  carbon  monoxide  is  more  responsive  to  primary-zone 
fuel/air  ratio  than  the  oxides  of  nitrogen. 

As  previously  stated,  it  was  postulated  that  there  was  significant 
air  leakage  under  the  variable-geometry  band  when  it  was  in  the 
closed  position.  Therefore,  the  band  was  removed  and  the  dilution 
holes  were  welded  shut.  This  liner  was  then  tested  at  T63  non- 
regenerative  and  regenerative  conditions.  The  emission  results  are 
summarized  in  Table  LI,  As  presented  in  Figures  120  through  123, 
the  emissions  were  compared  for  the  following  four  liners: 

•  Conventional  Liner. 

•  Extended-Leneth  Liner. 

•  Variable-Geometry,  Extended-Length,  Dilution  Closed 
Position. 

•  Variable-Geometry,  Extended-Length,  Dilution  Welded  Shur. 
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TABLE  XLIX.  BASELINE  COMBUSTOR  PERFORMANCE  DATA 


Cycle  Point 


1 

6 

5 

4 

3 

2 

Conventional  (Nonregenerative) 
Liner 

A.  Nonregenerative  Conditions 

1.  Emissions 

CO,  (ppm) 

893. 

652. 

496 

383 

214 

75 

H/C,  (ppm) 

100. 

37. 

15.8 

4.1 

0.7 

0.6 

N0X,  (Saltzman)  (ppm) 

18. 5 

27.8 

37.6 

45.9 

61.3 

90.6 

Smoke  Number 

3. 

7. 

12.0 

17. 

25.0 

30.0 

2.  Pressure  Loss  (X) 

*4.63 

4.51 

4.  S3 

4.44 

4.38 

4.14 

3.  Temp.  Profile 

(T  ft  J 
v  max  avg* 

1.115 

1.142 

1.120 

1.113 

1.104 

1.065 

B.  Regenerative  Conditions 

1.  Emissions 

CO  (ppm) 

346.2 

242.5 

197.2 

142.9 

85.8 

38.0 

H/C  (CL)  (ppm) 

8.8 

2.6 

1.4 

1.5 

3.3 

1.5 

NO  (ppm) 

27.0 

33.6 

39.7 

53.8 

75.8 

102.9 

Smoke  Number 

m  <  2* 

0.83 

1.35 

2.05 

4.5 

2.5 

2.  Pressure  Loss  (X) 

6.50 

6.52 

7.04 

6.85 

6.27 

6.64 

3.  Temp.  Profile 

IT  /T  ) 

'max  avg' 

1.0765 

1.0850 

1.0634 

• 

1.065 

1.0505 

Extended-Length  (6- inch)  Liner 
A.  Nonregenerative  Conditions 

1.  Emissions 

CO  (ppm) 

495 

298 

18S.5 

94.0 

38.6 

22.6 

H/C  (ppm) 

45. 

IS. 8 

5.1 

1.0 

0.5 

0.4 

NO^  (Saltzman)  (ppm) 

24.8 

38.3 

41.0 

56.0 

79.7 

123.9 

Smoke  Number 

1.72 

3.76 

3.28 

2.80 

4.20 

0.59 

2.  Pressure  Loss  (X) 

5.10 

4.61 

S.09 

4.91 

4.74 

4.59 

3.  Temp.  Profile 

<WW 

1.229 

1.210 

1.198 

1.171 

1.129 

•All  samples  zero  except  W/A  «  6 
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Figure  116.  Nonregenerative  T63-A-5A  Combustor 

Effect  of  Variable-Geometry  on  Carbon 
Monoxide  Emission. 
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A  Conventional  Liner 

O  Extended -Length  Liner 

Variable  Geometry;  Extended-Length  Liner 

Dilution -Zone  Variable-Geometry  Setting: 
O  100#  open 
A  80#  open 
^  60#  open 
40#  open 
O  20#  open 


Figure  117.  Nonregenera five  T63-A-5A  Combustor 

Effect  of  Variable-Geometry  on  Hydrocarbon 
Emission. 
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Oxides  of  Nitrogen  as  NO 


A  Conventional  Liner 


0  10  20  30  40  50  60  70  80  90  100 


Percent  Output  Horeepower 

Figure  118.  Nonregenerative  T63-A-5A  Combustor 

Effect  of  Variable-Geometry  on  Nitrogen 
Oxide  Emission, 
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Smoke  Number  (SAE  ARP  1179  Procedure) 


TABLE  L.  EMISSION  DATA  FOR  VARIABLE-GEOMETRY,  EXTENDED- 
LENGTH  T63  COMBUSTOR  AT  REGENERATIVE  CONDITIONS 


Cycle 

Point 

n 

6 

5 

4 

3 

2 

DILUTION  ZONE  VARIABLE 

GEOMETRY  SETTING 

40%  Open 

CO  (ppm) 

28.2 

H/C  (ppm) 

1.2 

N0X  (ppm) 

51.21 

Smoke  Index 

1.60 

20%  Open 

CO  (ppm) 

129.4 

68,3 

H/C  (ppm) 

1.5 

1.2 

N0X  (ppm) 

42.17 

57.06 

Smoke  Index 

0.41 

0 

0%  Open 

CO  (ppm) 

281.3 

135.2 

51.3 

H/C  (ppm) 

4.7 

1.5 

0.5 

N0X  (ppm) 

38.52 

51.07 

72.27 

Smoke  Index 

0 

0 

0 

TABLE  LI.  EMISSION  DATA  FOR  VARIABLE-GEOMETRY,  EXTENDED-LENGTH 
T63  COMBUSTOR- DILUTION  HOLES  WELDED  CLOSED 


Cycle  Point 

B 

6 

5 

m 

3 

2 

I.  Nonregenerative 
Conditions 

CO  (ppm) 

1081.4 

856.6 

445.9 

116.2 

H/C  (ppm) 

110.0 

52.0 

7.8 

1.0 

N0X  (ppm) 

22.1 

27.4 

44.  5 

65.4 

Smoke  Index 

1.25 

1.90 

4.70 

4.05 

II.  Regenerative 
Conditions 

CO  (ppm) 

495.0 

352.7 

148.8 

34.4 

H/C  (ppm) 

20.0 

4.5 

0.8 

0.6 

NOx  (PP*) 

24.5 

35.2 

54.1 

93.0* 

Smoke  Index 

0 

0.23 

0.78 

* 

*This  value  adjusted  to  Saltaroan  value. 
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figure  120.  Nonregenera  tive  T63-A-SA  Combustor 

Carbon  Monoxide  Emission  Data  Combustor  for 
Extended- Length  Liner;  Variable-Geometry. 
Extended- Length,  Dilution  Closed  Position; 
Variable-Geometry,  Ex  tended- Length.  Dilution 
Welded  Closed;  Conventional  Liner. 
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Hydrocarbons  as  C3H3 


0  10  20  jO  40  60  70  80  90  100 

Percant  Output  Horsepower 

Figure  121.  Non regenerative  T63-A-SA  Combustor 

Hydrocarbon  Emission  Data  Comparison  for  Extended- 
Length  Liner;  Variable-Geometry,  Extended-Length, 
Dilurion  Closed  Position;  Variable-Geometry, 
Extended-Length,  Dilution  Welded  Closed;  and 
Conventional  Liner. 
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Oxides  of  Nitrogen  as 


Figure  122.  Nonrogenerat  i  ve  T&3-A-SA  Combustor 

Nitrogen  Oxides  emission  Data  Comparison  for 
Extended-Length  Liner;  Variable-Geometry  Extended- 
Length  Liner, Di lotion  Closed;  Extcnded-I^ength  Liner, 
Dilution  Welded  Closed;  and  Conventional  Liner. 


Smoke  Number  (SAE  ARP  1179  Procedure) 


Figure  1? 3 .  Nonregenera tive  T63-A-5A  Combustor 

Smoke  Data  Comparison  for  Extended-Length  Liner; 
Variable-Geometry,  Extended-Length,  Dilution  Cluced 
Position;  Variable-Geometry,  Extended-Length, 
Dilution  Welded  Closed;  and  Conventional  Liner. 


243 


The  emission  data  in  Figures  120  through  123  show  that  there 
was  leakage  under  the  variable-geometry  bar._T  *  \  significant 
differences  in  the  emissions  were  obtained  when  the  dilution  holes 
were  welded  shut. 

The  pressure  loss  data,  summarized  in  Table  LII,  shows  that  the 
pressure  loss  increased  when  the  dilution  holes  were  welded  shut. 
This  confirms  the  above  conclusion  that  there  was  leakage  under 
the  dilution  band.  The  pressure  loss  data  in  Table  LII  also 
leads  to  the  obvious  conclusion  that  if  variable  geometry  is 
applied  in  a  combustor,  both  the  primary  zone  and  dilution  zone  must 
have  variable  geometry  to  avoid  high  pressure  loss. 

The  exhaust  temperature  profile  data  is  summarized  in  Table  LIII . 

At  most  variable -geometry  settings,  the  temperature  pattern  was 
better  than  the  "Extended -Length  Liner"  but  worse  than  the  con¬ 
ventional  liner. 

The  emission  response  (changes  in  emission  with  geometry  settings) 
was  calculated,  and  the  results  are  presented  in  Figures  124 
through  127.  In  general,  the  CO,  H/C,  and  smoke  had  a  much  greater 
response  than  the  NO  .  For  example,  as  shown  in  Figure  127,  the 
CO  increased  by  approximately  370)6  and  the  NO  decreased  by  50% 
at  maximum  power  when  the  dilution  hole  area  &as  changed  from  full - 
open  to  full -shut  positions. 

An  optimization  program,  developed  in  Task  2  studies,  was  applied 
to  calculate  the  emission  index  for  the  "Variable- Geometry, 

Extended- Length  Liner."  The  problem  was  to  select  the  optimum 
geometry  setting  to  obtain  the  minimum  total  emissions.  The  cal¬ 
culations  were  made  for  the  following  two  cases: 

•  Constrained  case  -  None  of  the  individual  emissions 

(CO,  NO^,  particulntes)  could  increase. 

•  Unconstrained  case  -  The  total  emissions  were  minimized,  but 
individual  emissions  were  allowed  to  increase  if  necessary  to 
obtain  minimum  total  emissions. 

The  optimum  geometry  settings  for  minimum  emission  index  for  the 
two  cases  are  summarized  as  follows: 
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TABLE  LI I.  COMPARISON  OF  PRESSURE  LOSS  (96)  FOR  VARIABLE-GEOMETRY 
LINER  WITH  BASELINE  COMBUSTOR  LINERS 


Cycle  Point 


1 

- 1 

6 

S 

4 

3 

2 

I. 

Variable-Geometry,  Extended- 
Length  Liner 

A.  Nonregenerative  Condi¬ 
tions 

Dilution  Zone  Variable 

Geometry  Setting 

100K  Open 

3.14 

80%  Open 

3.42 

60%  Open 

3.82 

3.99 

40%  Open 

4.14 

4.46 

I  4.S7 

20%  Open 

j 

S.26 

S.  73 

S.81 

S.  48 

0%  Open 

; 

7.06 

6.68 

6.  SI 

6.30 

Dilution  Welded  Close 

S.81 

9.40 

8.79 

8.28 

B.  Regenerative  Conditions 

Dilution  Zone  Variable 

1 

Geometry  Setting 

100%  Open 

80%  Open 

60%  Open 

40%  Open 

6.26 

20%  Open 

8.42 

8.43 

0%  Open 

9.90 

10.04 

9. OS 

Dilution  Welded  Close 

13.82 

13.64 

12.27 

12.49 

II- 

Conventional  Liner 

A.  Nonregenera tive  Condi¬ 
tions 

4.63 

4.  SI 

4. S3 

4.44 

4.38 

4.14 

B.  Regenerative  Conditions 

6.  SO 

6.S2 

7.04 

6.8S 

6.27 

6.64 

HI. 

Extended  Length  Liner 

A.  Nonregenerative  Condi¬ 
tions 

S.10 

4.61 

S.05 

4.91 

4.74 

4.S9 
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TABLE  LIII.  COMPARISON  OF  EXHAUST  TEMPERATURE  PROFILE  FOR 

VARIABLE-GEOMETRY  LINER  WITH  BASELINE  COMBUSTOR  LINERS 


Cycle  Point 

1 

6 

mm 

3 

2 

Variable-Geometry  Extended- 
Length  Liner 

A.  Nonregcn'.rative  Conditions 

Zone  Variable 

Geometry  Setting 

100%  Open 

1.2S43 

80%  Open 

1.1821 

60%  Open 

1.1692 

1.1127 

40%  Open 

1.1189 

1.1129 

1.1292 

20%  Open 

1.0883 

1.0803 

1.0579 

0%  Open 

1.1027 

1.1446 

1.1396 

1  1571 

Dilution  Welded  Close 

1.185S 

1.16S1 

1.1814 

1.1465 

B.  Regenerative  Conditions 

r“- 

Dilution  Zone  Variable 

Geometry  Setting 

100%  Open 

80%  Open 

60%  Open 

40%  Open 

1.0623 

20%  Open 

1.0803 

1.1573 

0%  Open 

1.1024 

1.0702 

Dilution  Welded  Close 

1.1172 

1.1202 

ffiBI 

1.1117 

Conventional  Liner 

A.  Nonregenerative  Conditions 

■ 

1.142 

1.113 

i 

1.06S 

B.  Regenerative  Conditions 

1.08 SO* 

BSH 

1.0634 

WO 

1.0505 

Extended  Length  Liner 

A.  Nonregenerative  Condi¬ 
tions 

1.229 

1.210 

1.198 

1.171 

1.129 

1.188 
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Emission  Response-Emission  Change/Baseline  Emission-PPM/PPM 


==j=f=i — i-  r  r 

„  Notes: 

“  1*  Baseline  was  100#  geometry  setting. 

2.  All  values  less  than  0.1  were  plotted  as  0.1. 
~  Symbol  Identification: 

“  O  Carbon  Monoxide 

□  Oxides  of  Nitrogen 
O  Hydrocarbons 
A  Smoke 


Dilution  Zone  Variable  Oaometry  Setting-Percent  Open 

Figure  124.  Nonregenerative  T63-A-5A  Combustor 

Response  of  Emission  to  Variable  Geometry, 

Cycle  Point  1  (1096  Power). 
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Figure  125.  Nonregenera tive  T63-A-5A  Combustor 

Response  of  Emission  to  Variable  Geometry 
Cycle  Point  6  (2S#  Power) . 
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figure  126.  Nonregenerative  T63-A-SA  Combustor 

Response  of  Emission  to  Variable  Geometry 
Cycle  Point  S  (40#  Power) . 
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Dilution  Zone  Open  Am  (Percent) 


Figure  127.  Nonregenera five  T63-A-SA  Combustor 

Response  of  Emission  to  Airflow  Split  in  Extended* 
Length  Liner  at  Cycle  Point  1  (Max.  Power). 
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The  emission  index  values  ere  summarized  in  Figure  128.  The 
unconstrained  case  provides  55%  reduction  in  total  emissions,  and 
the  constrained  case  gave  a  38%  reduction  as  shown  in  Table  XLVI. 

The  contract  objective,  as  stated  in  the  Introduction,  is  a  50% 
reduction  without  an  increase  in  any  individual  pollutant  (con¬ 
strained  case).  Therefore,  the  variable- geometry  must  be  combined 
with  some  other  low-emission  concept  to  meet  the  contract  objective. 

Inspection  of  the  liner  and  combustor  rig  hardware  after  the  test 
showed  no  apparent  damage. 

The  "Variable-Geometry,  Ex tended -Length  Liner"  demonstrated  an 
approach  for  achieving  significant  total  reductions  in  emissions. 
The  primary  payoff  in  the  T63  LOH  duty  cycle  is  to  control  CO  and 
K/C  emissions  at  low  power  and  NO*  smoke  at  high  power.  How¬ 
ever,  the  emission  reduction  was  not  enough  to  meet  the  contract 
objective  of  S0%  reduction  in  total  emissions  without  an  Increase 
in  any  specific  pollutant.  If  the  latter  restraint  is  removed,  the 
demonstrated  total  reduction  in  emissions  was  S4.9%.  However, with 
the  restraint,  the  total  emission  reduction  is  37.6%.  Therefore, 
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if  variable  geometry  is  applied  in  the  final  concept*  it  must  be 
combined  with  some  other  low-emission  concept  to  meet  the  contract 
objectives. 

EMMfrWEHCH  CQMEV5TOR 

As  a  result  of  the  Task  2  concept  analysis  and  selection  studies, 
an  early- quench  concept  was  selected  for  experimental  evaluation. 
The  concept  is  to  move  the  primary  holes  closer  to  the  dome. 

Task  2  analytical  studies  indicated  that  both  CO  and  NO  should 
decrease  because: 

•  With  the  smaller  primary  zone,  the  reaction  zone  residence 
time  is  less,  thus  allowing  less  time  for  N0X  formation. 

The  airflow  through  the  primary  holes  (assuming  5036  flow 
upstream  and  5036  downstream)  which  flow  downstream  quenches 
the  reaction  at  an  earlier  time. 

•  Ihe  intermediate  temperature  zone  (distance  from  primary 

holes)  residence  time  increases.  Thus,  additional  time  is 

provided  to  consume  the  CO,  C  H  ,  and  carbon. 

x  y 

The  early  quench  concept  was  combined  with  the  previously  described 
ex tended -length  concept  for  experimental  evaluation.  This  com¬ 
bustor  liner  was  termed  "Early  Quench,  Extended- Length  Liner”. 

The  modifications  made  to  the  conventional  TG3-A-SA  liner  to  obtain 
an  "Early  Quench..  Extended  Length  Liner"  were: 

•  Add  constant- diameter,  t>- inch-length  section  between  the 
primary  holes  and  the  film  coolant  step. 

•  Close  original  row  of  primary  holes. 

•  Add  new  row  of  primary  holes  (same  as  original,  T63 
conventional) ,  in  new  location  which  is  0.64-inch  closer 
to  the  dome  than  the  convent  ions l . 

Th£  hole  patterns  and  sixes  for  the  "Early-Quench  ,  Extended- 
Length  Liner,"  "Conventional  Liner,"  and  "Ex tended* Length  Liner" 
are  sho<*n  in  figure  129.  All  three  liners  had  the  same  airflow 
area  split  as  tabulated  below. 
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Figure  129.  Hole  Pattern  and  Size  Comparison  of  Liners. 


Dome  Holes . 11.8% 

First  Cooling  Step  .  . . 11.2% 

Primary  Holes . 26.3% 

Second  Cooling  Step . 11.2% 

Trim  Holes . IS.  2% 

Dilution  Holes  .  .  .  .  . 2L& 

99.9% 


With  the  above  calculated  flow  splits,  the  primary  zone  equivalence 
ratio  at  T63  maximum  power  is  0.77. 

The  "Early-Quench,  Extended-Length  Liner"  which  was  fabricated  for 
test  is  shown  in  Figure  130. 

The  "Early-Quench,  Extended- Length  Liner"  was  tested  in  a  T63  com¬ 
bustor  rig  at  the  nonregenerstive  T63  combustor  conditions  tabulated 
in  Table  IV.  The  emission,  pressure  loss,  and  temperature  profile 
results  are  summarized  and  compared  with  the  "Conventional  T63-A-SA 
Liner"  am.  the  "Extended- Length  Liner"  in  Table  LIV.  Ail  three 
liners  were  tested  with  the  conventional  T63  pressure  atomizing 
fuel  Injector  and  JP-4  fuel.  At  shown  in  Table  LIV,  data  was  not 
obtained  for  the  "Early-Quench,  Extended-Length  Liner"  at  cycle 
point  l  (idle  •  10%  power)  because  of  lean  blowo..  By  moving  the 
primary-zone  holes  closer  to  the  dome,  the  primary  zone  was  now  over- 
1 ->eded  and  the  poor  performance  at  other  cycle  points  could  be 
nticipated. 

Jxides  of  nitrogen,  carbon  monoxide,  hydrocarbon,  and  smoke  emission 
results  for  the  "Early-Quench,  Extended-Length  Liner,"  "Extended- 
Length  Liner,"  and  "Conventional  Linar"  are  plotted  in  Figures  131 
through  134.  Comparison  of  the  emission  data  in  thesa  figures  shows: 

•  The  predicted  reduction  (Task  ?  studies)  in  NO*  and  CO  was 
not  obtained.  The  probable  causes  are  overloading  the 
primary  tons  and  reduced  recirculation. 

•  For  tha  earns  site  liners  ("Early-Quench,  Extended-Length 
Line.  '  end  "Extended-Length  Liner"),  the  early  quench 
effect  was  to  increase  the  CO,  CxHy,  and  smoke.  The  MO* 
was  approximately  the  same  for  both  ex tended- length  liners. 

If  the  Saltsman,  NO*  analysis  is  assumed  to  be  valid,  the 
NO*  increased  slightly.  If  the  NOW  ♦.  **>UV,  NO*  analysis 
is  assumed  to  be  valid,  the  N0X  decreased  slightly  with 
early  quench. 
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Fijjurr  HO-  Preliminary  Low-Cmfsaion.  Early-Queneh* 
ExtenUad-Lanttth  LI  net  . 
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TABLE  LIV.  COMPARISON  OF  T63  NONREGENERATIVE  EMISSION/COMBUSTOR 
PERFORMANCE  OF  (1)  CONVENTIONAL  LINER,  (?)  EXTENDED- 
LENGTH  LINER,  (3)  EARLY-QUENCH,  LONG  LINER. 


I.  Conventional  Liner 

A.  Emissions 

CO.  (ppm) 

H/C, (ppm) 

NO  ,  (On-Line,  NDIR  &  NDUV)  ( 
NO^,  (On-Line,  CL)  (ppm) 

NOx,  (Saltzman)  (ppm) 

Smoke  Number 

B.  Pressure  Loss  (X) 

C.  Temp.  Profile  (X  /T  ) 


II.  Extended  Length  Liner 

A.  Emissions 

CO,  (ppm) 

H/C, (ppm) 

N0x,  (On-Line,  NDIR  &  NDUV)  | 
N0x,  (On-Line,  CL)  (ppm 
NO  ,  (Saltzman) 

Smoke  Humber 

B.  Pressure  Loss  (X) 

C.  Temp.  Profile  (T^/T^) 


III.  Early  Quench-Long  Liner 

A.  Emissions 

CO,  (ppm) 

H/C, (Ppm) 

N0X,  (On-Line,  NDIR  &  NDUV)  I 
N0x,  (Saltzman)  (ppm) 

Smoke  Number 

B.  Pressure  Loss  (X) 

C.  Temp.  Profile  (T  /T  ) 

v  max  avg' 


Cycle  Point 


1 

6 

4 

3 

893 

652 

496 

363 

214 

100 

37 

15.8| 

4.1 

0.7 

17.0 

32.0  i 

41.1 

45.6 

58.0 

17.2 

23.4 

32.6 

40.7 

56.3 

18.5 

27.8 

37.6 

45.9 

61.3 

3. 

7- 

12. 

17. 

25. 

4.63 

4.51 

4.53 

4.44 

4.38 

1.115 

1.142 

1.120 

1.113 

!  1.104 

495 

298 

185.5 

94.0 

38.6 

49. 

15.8 

5.1 

1.0 

0.5 

25.0 

33.0 

39.5 

56.5 

72.0 

19.0 

26.5 

35.0 

47.0 

68.0 

24.8 

38.3 

41.0 

56.0 

79.7 

1.72 

3.76 

3.28 

2.80 

4.20 

5.10 

4.61 

5.09 

4.91 

4.74 

1.229 

1.210 

1.198 

1.171 

1.129 

465.2 

389.9 

257.6 

139. 

120.0 

38.0 

10.4 

2.1 

8 

* 

27.5 

35.0 

42.0 

68.0 

8 

29.0 

42.8 

57.1 

82.6 

flQ 

11.5 

12.9 

20.  S 

4.59 

4.91 

4.78 

4.68 

1.3023 

1.206 

1.2519 

1.1938 

56. 7 
1.2 


Carbon  Monoxide 


Figure  131.  Nonregenera tive  T63-A-5A  Combustor 
Carbon  Monoxide  Data  Comparison  for 
Conventional  Liner. 


Figure  132.  Nonregenerative  T63-A-5A  Combustor 

Hydrocarbon  Emission  Data  Comparison  for 
Conventional  Liner,  Extended -Length  Liner, 
Early-Quench  Liner. 
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Figure  133.  Nonregenerative  T63-A-SA  Combustor 

Oxides  of  Nitrogen  Data  Comparison  for 
Conventional  Liner. 
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Figure  134.  Nonregenerative  T63-A-5A  Combustor 

Smoke  Data  Comparison  for  Conventional  Liner, 
Extended-Length  Liner,  Early-Quench  Liner. 
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The  emission  data  shown  in  Figures  131  through  134  as  PIW  were 
converted  to  emission  index  for  the  LOH  duty  cycle.  The  relative 
emission  index  values  for  the  three  liners ,  as  presented  in 
Figure  135,  show  that  for  the  same  size  liners  (extended -length), 
the  early  quench  significantly  increased  the  total  emissions. 

Early  quench  also  degraded  the  temperature  profile  as  shown  in 
Table  LIV. 

The  early-quenoh  approach  used  in  this  particular  study  signifi¬ 
cantly  increased  the  emissions.  This  was  probably  due  to  over¬ 
loading  of  the  primary  (reaction)  zone  and  reduced  primary-zone 
recirculation.  Perhaps  there  is  a  better  approach  for  achieving 
early  quench  in  the  T63  combustor*  such  as  moving  some  of  the 
dilution  zone  air  forward  instead  of  moving  the  primary- zone  for¬ 
ward.  This  would  probably  reduce  the  N0X  but  the  CO,  CxHy,  and 
smoke  would  increase.  A  better  "total-emission"  approach  would  be 
to  move  the  first- row  primary  holes  further  from  the  dome  to  in¬ 
crease  the  primary-zone  volume.  This  would  probably  cause  a  small 
increase  in  NOx  but  might  significantly  reduce  the  CO,  CXH^  and  smoke. 

The  early-quench  approach  tested  for  the  T63  combustor  did  not 
improve  the  emission  reduction  and  its  inclusion  in  the  final  con¬ 
cept  was  not  recommended. 

The  effect  on  emissions  of  moving  the  primary-zone  holes  to  the 
rear  instead  of  forward  should  be  experimentally  investigated  in  an 
extended- length  liner. 

PELTED  jamm  sssmm 

The  "Extended-Length"  combustor  concept,  as  previously  discussed  in 
this  appendix,  reduced  the  total  emissions  by  52K.  However,  the 
"Extended-Length"  combustor  was  6  inches  longer  than  the  conventional 
T63-A-SA  combustor.  The  same  concept  of  delayed-dllution,  combustor 
could  be  applied  in  the  conventional- length  T63-A-5A  combustor  by 
a  redesign  to  relocate  the  trim  and  dilution  holes.  The  delayed 
dilution  would  increase  the  residence  time  in  the  intermediate 
zone.  As  shown  in  the  Task  2  analytical  studies  and  the  experi¬ 
ments  with  the  "Extended-Length"  combustor,  the  CO,  CxHy  and  C 
emissions  should  decrease  and  the  NOx  should  increase  slightly. 

The  delayed -dilution  concept  was  applied  to  the  conventional- length 
T63-A-SA  combustor  to  determine  the  effect  on  emission  performance. 
The  only  modifications  made  to  the  conventional  T63-A-5A  liner 
to  obtain  a  "Standard-Length,  Oelayed-Oilution  Liner"  were: 


262 


BASELINE 


EAULY-qUOOf  f  \  ~  EARLY-QUEIICH 

DESIGN  «?  (I  5  DESIGN  #2 


•  Close  the  trim  and  dilution  holes  in  the  conventional  liner. 

•  Add  six  0.921  inch-diameter  dilution  holes,  equally  spaced, 
at  a  distance  of  2.1  inches  from  the  liner  exit.  (The  hole 
area  of  these  six  dilution  holes  is  equal  to  the  total  area 
of  the  trim  and  dilution  holes  in  the  conventional  liner.) 

The  hole  pattern  and  size  comparison  for  the  "Standard-Length, 
Delayed-Dilution-Zone  Liner"  with  the  "Conventional  Liner"  is  shown 
in  Figure  136.  The  primary  design  change,  as  it  influences  emissions, 
was  to  increase  the  reaction  length  for  consuming  the  CO,  CxHy,  and 
carbon  from  1.5  inches  to  4.76  inches  prior  to  the  final  quench. 

The  airflow  area  split  was  the  same  for  both  liners,  as  shown  in 
Figure  136,  and  is  tabulated  below: 


Dome  Holes . .  ...  11.896 

First  Cooling  Step . 11.296 

Primary  Holes .  26.396 

Second  Cooling  Step . 11.296 

Trim  Holes . 15.296 

Dilution  Holes .  24.296 

99.996 


With  the  above  calculated  splits,  the  primary-tone  equivalence  ratio 
at  maximum  power  is  0.77. 

The  "Standard-Length,  Delayed-Dilution-Zone  Liner"  which  was  fabri¬ 
cated  for  teat  is  shown  in  Figure  137. 

The  "Standard-Length,  Delayed-Dilution-Zone  Liner"  was  tested  in  a 
T63  combustor  rig  at  the  nonregenera tive  T63  combustor  conditions 
tabulated  in  Table  IV.  The  emission,  pressure  loss,  and  temperature 
profile  results  are  summarized  and  compared  with  the  "Conventional 
fbi-A-SA  Liner"  and  the  "Extended- Length  Liner"  in  Table  LV. 

Oxides  of  nitrogen,  carbon  monoxide,  hydrocarbon,  and  smoke  emission 
results  for  the  "Standard-Length,  Delayed-Dilution-Zone  Liner"  are 
compared  with  the  emissions  from  the  "Conventional  Liner"  and 
"Extended-Length  Liner"  in  Figures  138  through  141.  Compared  to 
the  "Conventional  Liner",  as  predicted  in  the  Task  2  concept 
studies,  significant  reductions  were  obtained  in  00,  CgHy,  and 
smoke.  The  NO,  was  approximately  the  same.  However,  the  reduction 
in  CO,  H/C,  and  smoke  was  not  as  great  as  the  "Extended-Length 
Liner."  This  is  as  predicted  because  the  "Ex tended- Length  Liner" 
had  a  longer  residence  time  in  the  intermediate  tone  in  which  to 
consume  the  00,  CxHy,  and  carbon. 
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Figure  137.  Preliminary  Lo*#-E»i*clon,  Standenl- Length, 
DeLayed-Oilut ion- Zone  Liner. 
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TABLE  LV.  COMPARISON  OF  TO  3  NO  (REGENERATIVE  EMISSION/ COMBUSTOR 
PERFORMANCE  OF  (1)  CONVENTIONAL  LI  MR,  (2)  EXTENDED- 
LENGTH  LINER,  (3)  STANDARD-LENGTH,  DELAYEO-DILUT ION- 
ZONE  LINER 


Conventional  Liner 
A.  Caission* 


Cycle  Point 


Cal salons 

1 

6 

S 

4 

s 

2 

CO,  (ppa) 

M3 

0S2 

490 

M3 

214 

75 

H/C,  (Pf») 

100 

17 

1S.0 

4.1 

0.7 

0.6 

NO  .(On-Lirw,  M5IR  &  (CUV)  (ppa) 

17.0 

12.0 

41.1 

45.0 

50.0 

01. 0 

N0x.  (On-Line,  CL)  (ppa) 

17.2 

2$.4 

$2.0 

40.7 

50.$ 

00.0 

NOx,(Saltiaan)  (pp») 

10.5 

27.0 

17.0 

45.9 

01. s 

40.0 

Saoke  Hjaber 

$. 

7. 

12. 

17. 

25. 

10. 

Pressure  Lose  90 

UI 

4.51 

4.5$ 

4.44 

4.10 

4.14 

Tfp.  Profile  (Tmu/TMn) 

1.11$ 

1.142 

1.120 

1.11$ 

1.104 

1.005 

Galas ions 


CO,  (ppa) 

445 

290 

105.5 

94.0 

$0.0 

22.0 

H/C, (Ppa) 

49. 

15.0 

5.1 

1.0 

0.5 

0.4 

m  '  (On-Line,  Mil*  &  (CUV)  (ppa) 

25.0 

)».0 

$9.5 

54.5 

72.0 

119.5 

m  (On-Line,  CL)  (ppa) 

e*4r  t 

19.0 

20.5 

$5.0 

47.0 

00.0 

111.) 

NO  t  (Salctaan)  (ppa) 

24.0 

$0.$ 

41,0 

50.0 

79.7 

121.9 

•asks  Mater 

1.72 

1.70 

$.20 

2.00 

4.20 

0.59 

Pressure  Uss  (4) 

S.10 

4.01 

5.09 

4.91 

4.74 

4.59 

Tsap.  Profile 

1.229 

1.210 

1.190 

1 .171 

1.129 

I.IOO 
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Figure  138.  honreganeretive  T63-A-SA  Combustor 

Carbon  Monoxide  Data  Comparison  for  Standard- Length, 
Delayed-Dilut ion- Zone  Combustor  and  T63  Baseline 
Combustors. 
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f  Figure  139.  Non regenerative  T63-A-SA  Combustor 

I  Hydrocarbon  Emission  Pete  Comparison  for  Standard- 

I  Length,  Delayed-Dilut ion-Zone  Combustor, and  T63 

Baseline  Combustors. 
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Figure  140. 


Non  re  generative  T6  3-A-SA  Com  but  tor 
Nitrogen  Oxide*  Emission  Oat*  Coetpariaon  for  Standard* 
Length, DeUyed-Ollution-Zone  Coebuator, and  T63 
Bead  in*  Coat  but  tore. 
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Figure  141.  Nonregenerativt  63-A-5A  Combustor 

Smoke  Data  Comparison  for  Standard-Length,  Delayed- 
Dilution-Zone  Combustor,  and  T63  Baseline  Combustors. 
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The  emission  data  shown  in  Figures  138  through  141  as  PPM  were 
converted  to  emission  index  for  the  LOH  duty  cycle.  As  shown  in 
Figure  142  and  Table  XLVI,  the  total  emissions  were  reduced  38% 
without  any  increase  in  individual  emissions.  Although  this 
simple  liner  modification  did  not  meet  the  contract  objectives  of 
50%  reduction,  it  does  demonstrate  that  this  feature  of  delayed 
dilution  should  be  incorporated  into  the  final  concept  selection. 

One  problem  of  major  concern  in  the  "Standard -Length,  Delayed 
Dilution  Liner"  concept  was  the  effect  on  temperature  profile. 

This  potential  problem  exists  because  of  shorter  distance  for  the 
dilution  air  to  mix  with  primary-zone  air.  The  temperature  pro¬ 
file  results,  presented  in  Figure  143,  show  that  it  was 
worse  than  the  "Conventional  Liner"  but  about  the  same  as  the 
"Extended-Length  Liner.”  Although  the  profile  is. probably  not 
acceptable  for  an  engine,  it  is  a  less  severe  problem  than 
anticipated  and  could  be  resolved  in  a  development  program.  No 
attempt  was  made  in  the  design  to  optimize  the  dilution  hole  size 
or  radial  locations.  However, in  the  next  concept,  a  preliminary 
evaluation  will  be  made  of  one  approach  for  improving  the  tempera¬ 
ture  profile.  The  approach  will  incorporate  a  smaller  L/D  dilution 
zone. 

Inspection  of  the  liner  and  combustor  rig  hardware  after  the  test 
showed  no  apparent  damage. 

The  "Standard-Length,  Delayed-Dilution-Zone  Liner"  demonstrated 
a  simple  approach  for  achieving  significant  reductions  (38%)  in 
the  emissions  from  the  T63-A-5A  combustor.  This  concept,  if 
combined  with  other  concepts,  could  probably  meet  the  contract 
objective  of  50%  reduction  in  emissions. 

DELAYEO/ANNULAR  DILUTION  COMBUSTOR 

This  combustor  concept  was  the  same  approach  as  the  previous  de¬ 
layed  dilution  concept  except  that  an  extension  to  the  standard 
turbine  bearing  support  centerbody  was  included  to  create  a  single¬ 
sided  annular  dilution  design.  It  was  anticipated  that  a  single¬ 
sided  annular  dilution  might  improve  the  dilution  air  mixing  by 
allowing  a  higher  L/D  region  between  the  dilution  holes  and 
combustor  exit. 

The  centerbody  extension  was  an  air-cooled,  all-metal  centerbody 
extension.  The  modifications  made  to  the  conventional  T63-A-5A 
liner  to  obtain  a  "Standard-Length,  Delayed-Dilution,  Annular- 
Dilution  Liner"  were: 
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Figure  142.  Nonregenerative  T63-A-5A  Emission  Index 

Comparison  with  Delayed-Diiution  Combustor. 
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Figure  143.  Nonregenerative  T63-A-5A  Combustor 

Temperature  Profile  Data  Comparison  for  Standard- 
Length,  Delayed-Dilution-Zone  Combustor, and  T63 
Baseline  Combustors. 


•  Close  the  trim  and  dilution  holes  in  the  conventional  liner. 

•  Add  twenty  0.285-inch  x  0.714-inch  dilution  holes,  equally 
spaced,  at  a  center  distance  of  2.1  inches  from  the  liner 
exit.  (The  hole  areas  of  these  twenty  dilution  holes  are 
equal  to  the  total  area  of  the  trim  and  dilution  holes  in 
the  conventional  liner. 

•  Add  an  air-cooled  all-metal  centerbody  extending  3.12  inches 
upstream  from  the  liner  exit.  Size  the  cooling  holes  for 
3.9%  of  the  combustor  airflow. 

The  hole  pattern  and  size  comparison  for  the  "Standard- Length 
Delayed -Dilution, Annular -Dilution  Liner"  with  the  "Conventional 
Liner"  is  shown  in  Figure  144.  The  primary  design  change,  as  it 
influences  emissions,  was  to  increase  the  intemediate-zone 
reaction  length  for  consuming  the  CO,  CxHy,  and  carbon.  The  length 
was  increased  from  1.5  inches  to  4.76  inches.  Tbo  airflow  area 
split  was  slightly  different.  The  flow  splits  and  primary-zone 
equivalence  ratios  are  tabulated  below: 


Conventional  and  Standard-Length, Delayed- 
Extended-Length  Dilution,  Annular-Dilution 


LQSPUttn  _ Liners _  _ I4.QS.g_ 

Dome  Holes . 11.8% . 11.3% 

First  Cooling  Step . 11.2% . 10.7% 

Primary  Holes.  .......  26.3%  .  25.4% 

Second  Cooling  Step . 11.2% . 10.7% 

Trim  Holes . 15.2% . 

Dilution  Holes . 24.3% . 38.0% 

Dilution  Centerbody  ....  -  3.9% 

Cooling  _ __  . 

100.0%  100.0% 

Primary  Zone 

Equivalence  Ratio . 0.77  .  . . .  0.80 


With  the  above  calculated  flow  splits,  the  primary-zone  equivalence 
ratio  at  maximum  row@**  is  0.77  for  the  conventional  liner  and  0.80 
for  the  delayed/annular  dilution  liner. 
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The  "Standard-Length,  Delayed-Dilution,  Annular-Dilution  Liner"  which 
was  fabricated  for  test  is  shown  in  Figures  145  and  146. 

The  "Standard-Length,  Delayed-Dilution,  Annular-Dilution  Liner"  was 
tested  in  a  T63  combustor  rig  at  the  nonregenerative  T63  combustor 
conditions  tabulated  in  Table  IV.  The  emission,  pressure  loss,  and 
temperature  profile  results  are  summarized  and  compared  with  the 
"Conventional  T63-A-SA"  and  the  "Standard-Length,  Delayed-Dilution" 
combustors  in  Table  LVI. 

Carbon  monoxide,  hydrocarbon,  oxides  of  nitrogen,  and  smoke  emission 
results  for  the  "Standard-Length,  Delayed-Dilution,  Annular-Dilution 
Liner"  are  compared  with  the  emissions  from  the  "Conventional  Liner,” 
"Ex tended- Length  Liner"  and  "Standard-Length,  Delayed-Dilution"  in 
Figures  147  through  150.  Compared  to  the  "Conventional  Liner"  as 
predicted  in  the  Task  2  concept  studies,  significant  reductions  were 
obtained  in  CO  and  CxHy  The  NOx  was  approximately  the  same,  but  the 
smoke  was  higher  for  all  conditions.  The  reduction  in  CO  and  H/C 
was  not  as  great  as  for  the  "Extended-Length  Liner."  This  is  as  pre¬ 
dicted  because  the  "Extended-Length  Liner"  had  a  greater  reaction- 
zone  length  in  which  to  consume  the  CO  CxHy,  and  carbon. 

The  emission  data  shown  in  Figures  147  through  150  as  PPM  were  con¬ 
verted  to  emission  index  for  the  LOH  duty  cycle.  As  shown  in  Figure 
151,  which  compares  both  standard- length  delayed-dilution  combustion 
liners,  the  total  emissions  were  reduced  34%  for  the  delayed/annular- 
dilution  liner  without  any  increase  in  individual  emissions.  Although 
this  simple  liner  modification  did  not  meet  the  contract  objectives  of 
50%  reduction,  it  does  demonstrate  that  this  feature  of  delayed  dilu¬ 
tion  should  be  incorporated  into  the  final  concept  selection. 

One  problem  of  major  concern  in  the  "Standard-Length,  Delayed-Diluf ion, 
Annular-Dilution  Liner"  concept  was  the  deterioration  of  the  exit 
temperature  profile.  This  problem  exists  because  of  shorter  distance 
for  the  dilution  air  to  mix  with  prlmary-sone  air  and  because  the 
annular  dilution  does  not  permit  circumferential  mixing.  The  tempera¬ 
ture  profile  results  are  presented  in  Figure  152  and  show  that  the 
"Standard-Length,  Delayed-Dilution,  Annular-Dilution  Liner"  was  much 
worse  than  the  "Conventional  Liner",  "Extended-Length  Liner,"  and 
"Standard-Length,  Delayed-Dilution  Liner."  No  attempt  was  made  in 
the  design  to  optimise  the  dilution  hole  size  or  radial  locations. 

Inspection  of  the  liner  and  combustion  rig  hardware  after  the  test 
showed  no  apparent  damage. 

The  "Standard-Length,  Delayed-Dilution-Zone  Liner"  demonstrated  a 
simple  approach  for  achieving  significant  reductions  (34%)  in 
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Figure  146. 


Preliminary  Low-Emissions,  Standard- Length, 
Delayed-Dilution,  Annular-Oilurion  T6i 


Combustor  Linar  - 


Internal  View. 


279 


1 

M 

4 


ii»uii>ewgaM8»K yy.»iy«a;^  Oengts^ww. ig-agea-wwa ywj<*;.vs  v*.wwM<w»*iw!«r  k- <•>-,*■■  y 


TABU  LVI.  COMPARISON  OF  T63  NONRECENF.RATIVE  PUSS  ION/COMBUSTOR 
PERFORMANCE  OF  (1)  CONVENTIONAL  LINER;  (2)  STANDARD- 
LENGTH,  DELAYED- DILUTION,  ANNULAR-DILUTION- ZONE  LINER 
(3)  STAfCARD-UNGTH,  DELAYED- DILUTION- ZONE  LINER 


I.  Conventional  Liner 

\ 

Cycle  hint 

A.  Emissions 

1 

b 

S 

9 

3 

2 

CO,  (ppm) 

•93 

ft&2 

99ft 

383 

219 

7S 

H/C, (ppm) 

100 

37 

1S.0 

9.1 

0.7 

0.6 

»e.  (On-Line,  KJIR  &  NDUV)  (ppm) 

17.0 

32.0 

91.1 

9S.ft 

Sft.O 

•1.0 

NO^,  (On-Line,  CL)  (ppm) 

17.2 

23.it 

32.  ft 

90.7 

Sft.3 

00.  ft 

N0g,  (Saltssmn)  (ppm) 

M.S 

27.0 

37. ft 

9S.9 

•1.3 

90.6 

Smoke  Number 

3. 

7. 

12. 

17, 

2S. 

30. 

I.  Pressure  Loss  QQ 

«.li 

9.  SI 

9.  S3 

9.99 

9.38 

9.19 

C.  Temp.  Profile  (T^/Tj^) 

1-llS 

1.192 

1.120 

1.113 

1.109 

1.06S 

II.  Brands  r*S-Len*th.  Delayed-Ollutlon, 

Annular-Dilution  Zone  Liner 

A.  Emissions 
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CO,  (ppm) 

S2S.I 

376.0 

300.9 

223.9 

192.9 

72.  S 

M/C.  (ppm) 

•s.o 

2ft. 0 

12.« 

S.O 

1.2 

.0 

NO^,  (On-Line,  NDIR  &  WUV)  (ppm) 

29.5 

2S.0 

11.  S 

39. S 

S2.0 

1«.V 

Mk,  (Selrsmsn)  (ppm) 

19.  ft 

30.9 

30.1 

9S.2 

•0*1 

W.ft 

Smoke  Number 

9,90 

11. ft 

IS.  SO 

20.  SS 

10.91 

.• 

1.  Pressure  Loes  (k) 
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SIS 
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M.S 
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S,9* 
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figure  1H8. 


Nonregenera rive  TS3-1-SA  Combustor 
Hydrocarbon  Emission  Data  Comparison  for  Standard* 
Length, Delayed -Dilution- Zone  Combustor,  and  T63 
Baseline  Combustors. 
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Figure  mO. 


Nonregene re five  T63-A-SA  Coabuator 
Nitrogen  Oxides  deletion  Data  Coaparleon  for 
Standard-Length, uciayed-01lutlon-2one  Coabustor, 
and  T63  Baseline  Coabustors. 
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figure  ISO.  UonregtiHTttiv*  T63-A-SA  Cowbuttor 

Seokt  Dies  Comparison  for  Stontford-Ungth.Oolayod- 
Dilution-Zon*  Combustor,  and  T63  Sasalina  Combustors. 
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the  emissions  from  the  T63-A-SA  combustor.  This  concept,  if  com¬ 
bined  with  other  concepts,  could  probably  meet  the  contract  objec-  ' 
tive  of  SO %  reduction  in  emissions.  However;  it  should  be  incor¬ 
porated  without  the  annular  dilution  feature. 

FREMIX-CUP/GASEOUS-  FUEL  COMBUSTOR 

One  of  the  potential  concepts  selected  in  the  Task  2  studies  was 
the  "Extended-Length,  Premix-Cup/Gaseous -Fuel  Combustor  Liner." 

The  concept  was  to  mix  the  gaseous  propane  and  primary-zone  air 
in  a  premix  cup.  This  mixture  was  then  injected  into  the  primary- 
zone  through  seven  jet,  flame-stabilization  holes.  Task  2  studies 
indicated  that  both  CO  and  ND^  should  decrease  because: 

•  With  premix/gaseous  fuel,  hot  spots  (zones)  would  be  elim¬ 
inated  and  the  NO^,  CO,  H/C  ,and  smoke  would  be  reduced. 

•  The  jet-stirred  primary-zone  should  provide  a  well-stirred 
primary- zone  reaction  chamber  with  rapid  conversion  to 

plug  flow.  These  conditions,  if  achieved,  are  favorable  for 
low  NOx  and  CO  emissions. 

•  Previous  experiments  in  Task  2  had  shown  that  the  extended 
length  would  significantly  reduce  CO  and  H/C  emissions  with 
a  small  increase  in  NOx  emissions. 

The  "Extended- Length,  Premix- Cup/Gaseous- Fuel  Combustor  Liner"  was 
designed  for  the  T63  no nre generative  combustor  operating  condi¬ 
tions  tabulated  in  Table  IV. 

A  completely  redesigned  primary  zone  and  fuel  injection  system  were 
fabricated  to  obtain  the  "Extended- Length,  Premix- Cup/Gaseous-Fuel 
Combustor  Liner."  The  only  part  of  the  conventional  T63  liner 
retained  in  the  design  was  the  dilution  zone  section.  The 
"Extended-Length  ,  Premix- Cup/Gaseous- Fuel  Combustor  Liner",  as 
shown  in  Figure  153,  has  the  following  characteristics: 

•  The  total  length  is  15.56  inches  compared  to  9.56  inches  for 
the  conventional  T63  liner. 

•  The  fuel  injector  system  was  designed  for  gaseous  propane 
operation.  As  shown  in  Figure  153,  the  propane  is  in¬ 
jected  from  the  fuel  feed  tube  into  the  premix  cup  through 
45  of  0.0468-inch  diameter  holes. 

•  The  propane-air  premix  chamber  was  3  inches  in  diameter  x  3.15 
inches  in  length. 
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Figure  153.  Preliminary  Low-Emission,  Extends d^Length,  Premix-Cup/ 
Gaseous-Fuel  Combustor  Liner  -  External  View- 


•  The  premixed  propane- air  was  injected  into  the  primary  zone 
through  seven  jet  holes  of  0.687-inch  diameter  as  shown  in 
Figure  154.  The  expansion  of  these  jets  into  the  larger 
primary  zone  should  provide  the  recirculation  necessary  for 
■flame  stabilization. 

•  The  primary  zone  was  convection  cooled*  as  shown  in 
Figure  153,  instead  of  the  conventional  film  cooling. 

•  The  airflow  distribution  for  the  "Extended-Length,  Premix- 
Cup/Gaseous-Fuel  Combustor  Liner"  was  designed  for  the  same 
flow  distribution  as  the  conventional  T63  liner  which  is 
tabulated  below: 

Dome  Holes  .  ..........  11.8% 

First  Cooling  Step  .  .  .  .  ♦  .  .11.2% 

Primary  Holes.  .  .  ...  ....  26.3% 

Second  Cooling  Step.  ......  11.2% 

Trim  Holes  .  ......  15.2% 

Dilution  Holes . .  24.2% 

99.9% 

With  the  above  airflow  distribution,  the  design  equivalence  ratio 
at  maximum  power  for  the  T63  is  0.77. 

The  "Extended  Length,  Premix-Cup/Gaseous-Fuel  Combustor  Liner"  was 
to  be  tested  at  the  conditions  tabulated  in  Table  IV.  The  tests 
were  conducted  at  steady- state  conditions,  in  the  DDA  Combustion 
Research  Laboratory,  using  gaseous  propane  fuel.  Emission  data 
were  obtained  at  only  Cycle  Point  1  (Idle  -  10%  Power) .  An 
additional  line  of  data, except  for  emission  data,  was  obtained  at 
Cycle  Point  3  (75%  Power  Setting) .  The  emission,  pressure  loss, 
and  temperature  profile  results  are  summarized  and  compared  with 
the  "Conventional  T63-A-5a  Liner"  and  the  "Ex tended- Length  Liner" 
in  Table  LVII. 

From  the  data  comparison  presented  in  Table  LVII  ,  the  following 
conclusions  are  obvious: 

•  The  emissions  are  extremely  high. 

•  The  temperature  profile  (Tmt)/Tayg)  i#  excessive. 

Therefore,  there  was  no  justification  for  conducting  the  experiments 
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TABL£  LVII.  COMPARISON  OF  T63  NDICEGENERATIVE  EMISSION/COMBUSTOR 
PERFORMANCE  OF  (1)  CONVENTIONAL  COMBUSTOR,  (2)  EX¬ 
TENDED-LENGTH  COMBUSTOR,  Al©  (3)  EX TE ICED- LENGTH , 
PREMIX-CUP/BAS EOUS-FUEL  COMBUSTOR 


Conventional  Linar 
A.  Bale alone 

CO,  (PP«) 

R/C,  CPP") 

HO  t  (On-Line,  (OIR  &  WUV)  (ppm) 
m  (On-Line,  CL)  (ppm) 

HD  .  (Saltxaan)  (ppm) 


Cycle  Feint 


NS. 
40.7 
NS.  9 
17. 


B.  Pretaure  Lone  QQ 

C.  T-p.  Profile  (T^A^) 

n:  Extended  Length  Liner 

A.  Eniaaiona 

co,  Cpp") 

H/C,  CPP") 

mi ,  (On-Line,  NO  IK  A  NDUV)  (ppa) 
!»„,  (On-Line,  CL)  (ppn) 
(Saltxaan)  (pp*) 

Book*  (Amber 

B.  Preaaure  Lots  (X) 

C.  Taap.  Profile  (T 


III.  extended  Length-Preaix  Cu 


1.11 

l.US 


1.113  1.104  1.06S 


IBS.  S 

S.l 

39. S  SS.S 
26.5  3S.0  47.0 

SB. 3  41.0  S6.0 

3.76  3.21  2.10 

4.61  S.09  4.91 

1.210  1.19B  1.171 


fuel  Liner 
A.  Ealaaiona 


rxrrrzn 


CO  .  (fit") 

R/C,  (ppa) 

N0X,  (On-Line,  NDIR  &  NDUV)  (ppm) 
N0„,  (Saltxaan)  (ppa) 

Book*  Muaber 
Preaaure  Loaa  00 
Teap.  Profile  (T-#x/TAyf) 


123.9 

0.S9 

4.S9 

1.1BB 


6.40 

1.23S 


at  the  other  experimental  cycle  point  conditions. 

Cold-flow,  aerodynamic  tests  with  the  liner  showed  that  the  problem 
is  clearly  the  result  of  insufficient  recirculation  in  the  primary- 
zone.  This  is  illustrated  in  Figures  15S  and  156.  Figure  155  shows 
the  airflow  pattern  across  the  propane-air  jets  (see  Figure  154),  and 
Figure  156  shows  the  pattern  between  the  jets.  As  shown  in  Figures  155 
and  156,  there  was  essentially  no  recirculation  in  the  primary  zone. 

Inspection  of  the  liner  and  combustor  rig  hardware  after  the  test 
showed  no  apparent  damage. 

The  "Extended-Length  ,  Premix-Cup/Gaseous-Fuel  Combustor  Liner" 
did  not  provide  the  anticipated  reduction  in  emissions  because  of 
inadequate  primary-zone  recirculation.  As  shown  in  Table  LVII, 
its  emission  performance  was  worse  than  the  conventional  T63 
combustor  and  the  other  combustors  tested  in  this  program. 

The  recommended  method  for  increasing  the  recirculation  is  to  use 
swirl.  This  was  incorporated  into  a  subsequent  premix/swirl 
combustor  concept  which  was  designed  to  operate  on  either  gaseous 
propane  fuel  or  liquid  JP-4  fuel  by  changing  the  fuel  injector. 

However,  as  discussed  in  a  later  section  in  this  appendix,  only 
liquid  fuel  tests  were  conducted,  as  reported,  because  (1)  subse¬ 
quent  progress  indicated  that  program  objectives  could  be  met  with¬ 
out  the  gaseous  fuel  data  and  (2)  time  and  funding  requirements 
limited  the  effort. 


One  of  the  potential  concepts  selected  in  the  Task  2  studies  was 
the  "Extended* Length Plug- Flow/Canted- Primary  Combustor  Liner." 
The  concept  was  to  provide  a  well-mixed,  stirred  reactor  zone 
with  rapid  conversion  to  plug  flow.  Task  2  studies  indicated  that 
both  CO  and  N0x  should  decrease  because: 

•  A  main  source  of  NO*  and  CO  emissions  In  conventional 
combustors  is  the  nonuniformity  in  temperature.  Nigh- 
temperature  zones  generate  high  NO*  and .conversely,  low- 
temperature  pockets  cause  high  CO.  Uniform  temperature 
profile  is  ideal  for  minimum  CO  and  NO  emissions. 

The  design  goal  was  to  provide  well-mixed,  stirred  reactor 
conditions,  which  implies  homogeneous  composition  and 
uniform  temperature  profile. 

•  Plug  flow  (one-iimenslonal  flow)  gives  the  most  rapid  "burn¬ 
out"  (reaction  rote)  of  the  CO  and  H/C  after  Ignition.  Task 
2  studies  predicted  significant  CO  reductions  with  plug  flow. 
The  same  studies  showed  no  effect  (increase  or  decrease)  on 
NO  whether  it  was  plug  flow  or  perfectly  stirred  (zero- 
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Figure  1S6.  Airflow  Pattern  Between  the  Propane/Air  Feed 
Jet*  of  the  Extended* Length,  Pro* lx* Cup/ 
Ca*eou*-Fuel  Cowbuator  Liner- 
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dimensional  flow) . 

•  Previous  experiments  in  Task  2  had  shown  that  the  extended 
length  would  significantly  reduce  CO  and  H/C  emissions  with 
a  small  increase  in  NO^  emissions. 

The  "Extended- Length  ,  Plug- Flow/Canted- Primary  Combustor  Liner" 
was  designed  for  the  T63  nonregenerative  combustor  operating 
conditions  tabulated  in  Table  IV. 

A  redesigned  combustor  liner  was  fabricated  to  obtain  the 
"Extended-Length  ,  Plug- Flow/Canted- Primary  Combustor  Liner"  shown 
in  Figure  1S7.  The  only  part  of  the  conventional  T63  liner 
retained  in  the  design  was  the  dome  section  and  the  conventional 
pressure- atomising  dual-orifice  fuel  injector.  The  redesigned 
liner  had  the  following  characteristics: 

•  The  total  length  is  15.56  inches  compared  to  9.S6  inches 
for  the  conventional  T63  liner,  as  shown  in  Figure  158. 

•  Part  of  the  liner,  just  downstream  of  the  primary  zone,  was 
convection  cooled  instead  of  film  cooled.  The  convection - 
cooled  length  was  approximately  5.2  Inches. 

•  The  primary  air  was  injected  through  twelve  0.5-inch  I. D. 
tubes  in  a  canted,  upstream  direction.  The  primary  sons  was 
sized  to  allow  one  recirculation  loop  in  the  primary.  Re¬ 
circulation  was  to  be  provided  by  the  jet  induced  flow  from 
the  twelve  primary  air  tubes. 

•  A  contraction  was  installed  at  the  primary-gone  exit  to 
cause  rapid  conversion  from  recirculation  flow  to  plug  flow. 

•  As  shown  in  Figure  158,  the  conventional  liner  trim  and 
dilution  holes  were  combined  into  a  single  row  of  dilution 
holes.  This  row  of  holes  wee  located  far  enough  downstream 
to  allow  sufficient  residence  lime  to  const**  the  CO,  H/C, 
end  C  in  the  inttrseditte  tone  between  the  primary  and 
dilution  holes. 

•  The  airflow  distribution  for  the  "Ex tended- Length,  Plug- 
Flow/Canted-Primery  Combustor  Liner"  was  designed  to  be 
the  same  aa  that  of  tha  conventional  T63  linar,  which  ia 
tabulated  below: 


295 


Figure  l S7.  Preliminary  Low-EmiMion  Extended-Length, 
Plug-Tlcm/Can ted- Primary  Co*bu*tor  Liner  - 
Initial  Design. 
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Dome  Holes . 11. 8% 

First  Cooling  Step . 11.2% 

Primary  Holes . 26.3% 

Second  Cooling  Step . 11.2% 

Trim  Holes . 15.2% 

Dilution  Holes  .  .  .  .  .....  i!£J3 

99.9% 


With  the  above  airflow  distribution,  the  design  equivalence  ratio 
at  maximum  power  for  the  T63  is  0.77. 

The  above  described,  initial  design  "Ex tended- Length,  Plug-Flow/ 
Canted*  Primary  Combustor  Liner"  was  cold- flow  tested  and  hot-flow 
tested  at  the  T63  no nre generative  combustor  conditions  outlined 
in  Table  IV.  The  data  indicated  inadequate  recirculation  in 
the  primary  sone.  Therefore, the  combustor  was  redesigned  into 
Modification  "A"  to  improve  the  recirculation.  Modification  "A", 
as  shown  in  Figure  1S9,  incorporated  the  following  changes: 

•  The  number  of  primary  air  feed  tubes  was  reduced  from 
twelve  to  eight. 

•  The  reduced  primary  holt  area  and  the  conventional  dome 
cooling  flow  area  were  put  into  swirl  air  in  the  dome. 

In  addition  to  the  design  changes  to  improve  recirculation,  the 
primary  tone,  film  coolant  air  was  eliminated.  This  air  was  also 
added  as  swirl  air  in  the  combustor  dome. 

The  primary  sone/dllution  airflow  split  in  the  Modification  "A" 
was  maintained  the  same  as  in  the  initial  design  and  the  conven¬ 
tional  T6 3  combustor  liners. 

The  initial  design  and  Modification  "A"  of  the  "Extended-Length. 
Plug-Flow/Canted -Primary  Combustor  Liner"  were  tested  at  the 
conditions  tabulated  in  Table  IV.  The  tests  were  conducted  in 
the  DDA  Combustion  Research  Laboratory  usirqt  JP-9  *V»el.  The 
experimental  results  for  the  initial  design  and  Nod  flcation  "A" 
are  discussed  in  the  following  subsections. 

Initial  Design  -  Experimental  leeulta 

The  experimental  data  from  the  initial  design  (Figure  157) 
are  compared  with  the  emission  data  from  the  "T63  Conventional 
^-ibustor"  and  the  "Ex tended- Length  Combustor"  in  Table  LVIII 
and  Figures  160  through  163.  The  results  show  that,  except 
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Figure  159.  Preliminary  Low-Emission  Extended-Length,  Plu] 
Canted-Primary  Combustor  Liner  -  Modification 


Carbon  Monoxid 


Figure  16U.  Nonregenerative  T63-A-5A  Combustor 

Carbon  Monoxide  Data  Comparison  for  Extended-Length., 
Plug-Flow/Canted- Primary  Combustor  and  T63 
Baseline  Combustors. 
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Figure  161. 


Nonregenerative  T63-A-5A  Combustor 
Hydrocarbon  Emission  Date  Comparison  for  Extended- 
Length,  Plug-Flow/Canted-Primary  and  T63  Baseline 
Combustors. 
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Figure  162.  Nonregenerative  T63-A-5A  Combustor 

Nitrogen  Oxides  Emission  Data  Comparison  for 
Extended-Length, Plug-Flow/Canted-Primary  Combustor 
and  Baseline  T63  Combustors. 


Smoke  Number  (SAE  ARP  1179  Procedure) 


for  limited  cases,  the  emissions  from  the  initial  design  were 
greater  than  from  either  the  "T63  Conventional  Liner”  or  the 
"Extended- Length  Combustor."  The  emission  data  were  used  to 
calculate  the  emission  index  as  presented  in  Figure  164  and 
Table  XL VI. 

For  the  selected  LOH  duty  cycle,  the  total  emission  index  for  the 
initial  design  of  the  "Extended-Length,  Plug-Flow/Canted-Primary 
Combustor  Liner"  was  1756  higher  than  the  "T63  Conventional  Liner” 
as  shown  in  Table  XLVI.  This  table  also  shows  that  the  CO  and 
H/C  emissions  were  higher  than  the  "T63  Conventional  Combustor 
Liner"  and  that  NOx  was  approximately  the  same.  Compared  with 
the  "Extended- Length  Liner"  (which  was  the  same  length)  the  total 
emissions  from  the  initial  design  of  the  "Extended  Length,  Plug- 
Flow/Canted-  Primary  Combustor  Liner"  was  approximately  2.4  times 
greater.  However,  there  was  approximately  a  2056  reduction  in  N0x 
emissions. 

The  temperature  profile  (^max/^aVg)  f°r  t^le  initial  design  of  the 

"Extended  Length,  Plug- Fiow/Can ted- Primary  Combustor  Liner"  was 
worse  than  either  the  "T63  Conventional  Liner"  or  the  "Extended- 
Length  Liner",  ad  shown  in  Figure  165. 

In  order  to  qualitatively  assess  the  problem,  cold  airflow  tests 
were  made  with  the  initial  design.  These  tests  clearly  showed 
that  the  problem  was  inadequate  recirculation  in  the  primary  zone. 
The  plug  flow  section  seemed  to  be  operating  in  the  desired 
manner.  Due  to  the  close  spacing  in  the  primary  jets,  as  shown 
in  Figure  157,  it  appeared  that  there  was  not  sufficient  flow 
area  for  the  recirculation  loop  to  get  out  of  the  primary.  In  fact, 
the  cold- flow  test  showed  that  less  than  5056  of  the  primary  air  was 
going  into  the  primary  section.  Therefore,  cold-flow  tests  were 
conducted  with  6  of  the  12  primary  holes  plugged.  The  cold  flow 
results  indicated  some  improvement,  however,  only  about  5056  of  the 
intended  primary  air  was  entering  the  primary  zone.  Therefore,  a 
major  modification  was  made  to  the  liner  as  described  previously. 


Cold  flow  experiments  were  conducted  with  the  modified  liner  shown 
in  Figure  159.  Several  interesting  characteristics  were: 

o  From  some  of  the  primary  jets,  10056  of  the  air  was  entering 
the  primary  section,  whereas  only  5056  of  the  air  from  other 
jets  was  entering  the  primary  section. 

o  A  considerable  amount  of  the  dilution  air  is  partially 

entrained  in  the  upstream  direction, whereas  in  the  initial 
design  all  the  dilution  air  was  flowing  downstream.  This 
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Figure  165.  Nonregenerative  T63-A-SA  Combustor 

Temperature  Profile  Data  Comparison  for  Extended 
Length,  Plug-Flow/Canted-Primary  Combustor  and 
T63  Baseline  Combustors. 
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upstream  entrainment  is  undoubtedly  due  to  the  effect  of  the 
dome  swirl  added  in  Modification  "A". 

o  The  apparent  distortion  might  be  “real",  but  xc  is  difficult 
to  resolve  without  hot-wire  anemometer  experiments  because 
of  the  swirl  components  in  the  Modification  "A”  combustor 
liner.  The  cold- flow  plate  tests  are  always  subject  to 
interpretation  due  j  the  flow  disturbance  induced  by  the 
plate  and  the  boundary  layer  flow  of  the  plate  itself. 

These  effects  are  even  more  difficult  to  discern  when  strong 
swirl  is  present  such  as  in  Modification  "A”. 

The  Modification  "A"  combustor  liner  was  hot-flow  tested  at  the 
simulated  T63  combustor  conditions  tabulated  in  Table  IV. 

Emission  results  for  the  Modification  "A"  combustor  are  compared 
with  the  "T63  Conventional  Liner”  and  ”Ex tended- Length  Liner”  in 
Table  LIX  and  Figures  166  through  169.  The  emission  index  values 
were  calculated  for  a  LOH  duty  cycle,  and  the  results  are  presented 
in  Table  XLVI*  The  total  emissions  from  the  Modification  "A"  com¬ 
bustor  were  approximately  3796  less  than  the  ”T63  Conventional  Liner" 
but  slightly  higher  than  the  "Extended-Length  Liner”,  which  was  the 
same  length  as  Modification  "A”.  The  emissions  from  the  Modifi¬ 
cation  "A”  combustor  were  much  less  than  from  the  initial  design  of 
the  "Extended-Length,  Plug-Flow/Canted- Primary  Combustor  Liner," 
but  it  would  require  considerably  more  development  to  show 
significant  reductions  in  emissions  compared  to  the  conventional 
"Extended- Length  Liner.”  The  biggest  pollutant  problem  would 
appear  to  be  particulate  emissions, as  shown  by  the  smoke  data  in 
Figure  169.  Large  deposits  of  carbon  were  also  found  in  the 
"dead-spaces”  of  the  dome  after  the  experiments.  This  is  a  com¬ 
mon  problem  found  in  all  swirl  system  dead-spaces. 

An  outstanding  performance  feature  of  the  Modification  ”A"  design 
of  the  "Extended- Length  ,  Plug- Flow/Canted- Primary  Combustor 
Liner"  was  the  exceptionally  good  temperature  profile  (T^^/T^ 

as  shown  in  Figure  170.  This  is  probably  due  to  the  swirl  flow 
pattern  in  the  combustor  liner.  The  temperature  profile  was 
better  than  with  any  other  combustor  tested  in  this  program. 

Neither  the  Initial  Design  or  "A"  of  rht  “Extended- 

Length  ,  Plug- Flow/Canted -Primary  Combustor  Liner"  provided  the 
anticipated  reduction  in  total  emissions.  However, both  liners 
demonstrated  a  moderate  reduction  in  NOx  compared  to  the  same  site 
conventional  liner  ("Extended -Length  Liner').  Modification  "A” 
did  have  significantly  lower  (approximately  5031)  emissions  than  the 
Ipltlal  Design.  Further  development  of  the  "Extended -Length, 
Plug-Flow/Canted-Primary  Combustor  Liner"  would  probably  provide 
significantly  lower  emissions.  Recommended  areas  for  further 
study  are: 
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TABLE  LZX.  COMPARISON  OF  T63  NONREGENEAATIVE  EMISSIOH/COMBUSTOR 
PERFORMANCE  OF  (1)  CONVENTIONAL  LINER,  (2)  EXTEWED- 
LENGTH  LINER,  AM)  (3)  PLUG-FLOH/CAKTEO- PRIMARY  SWIRL 
DOME  LI)CR,  MODIFICATION  "A" 


I.  Conventional  Linar 

Cycle  Point 
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12.9 

90.7 
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80.  G 
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17. 
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30. 
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9. SI 

9.93 

9.99 

9.30 

9.19 

C.  loop.  Profilt  (T  .  rt  ) 
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1.192 

1.120 
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1.065 

II*  Extended- Length  Liner 
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0,9 
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19.  S 

99.9 

72.0 

119.5 
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113.3 

*>„.  (Seltawn)  (pp-) 
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$.10 

9.91 

9.09 

9.91 

9.79 

9. 99 

C.  T-,.  Mil. 

1*229 

1.210 

1.190 

1.171 
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-irl  — 
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12.9 
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Figure  166.  Nonregene re rive  T6J-A-SA  Combustor 

Carbon  Monoxide  E*i salons  Data  Comparison  for 
Extended-LengthvFlug-Flou/Canted»Pri*ary  Co* but tor 
Modification  "A**  and  T63  Battel  ine  Co*  bus  tore. 
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Figure  167.  Nonrtgarwratlva  T63-A-SA  Combustor 

Hydrocarbon  Emissions  Oats  Comparison  for  Extand-d- 
Length,  Plug~Flo*/Cantadh Primary  Combustor 
Modification  "A"  and  T63  Basallr.e  Conbuators. 
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Figure  168.  Nonregenemive  T63-A-SA  Combustor 

Nitrogen  Oxides  emissions  Dots  Comparison  for 
Extended- length.  Plug— Flow/ Canted- Primary  Combustor 
Modification  "A"  and  T63  Baseline  Coatoustors. 
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Smoke  Number  (SAS  ARP  1179  Procedure) 
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Figure  169.  Nonregenera tive  T6J-A-5A  Combustor 

Smoke  Data  Comparison  for  Extended-Length, Plug-Flow/ 
Canted-Primary  Combustor  Modification  "A"  and  T63 
Baseline  Combustors. 
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Figure  170.  Nonregenerative  T63-A-5A  Combustor 

Temperature  Profile  Data  Comparison  for  Extended 
Length, Plug-Flow/Canted- Primary  Combustor 
Modification  "A”  and  T63  Baseline  Combustors. 


o  Increase  the  primary  zone  volume. 

o  Increase  the  primary* zone  recirculation. 

o  Eliminate  all  dead-spaces  in  the  dome  to  reduce  the 
carbon  buildup. 

Further  studies  of  the  ’’Extended- Length,  Plug- Flow/Canted- Primary 
Combustor  Liner"  were  not  conducted  because  the  program  objective 
in  the  early  part  of  Task  3  was  to  obtain  only  enough  experimental 
data  to  evaluate  the  potential  of  the  many  different  concepts.  As 
shown  in  Table  XLVI,  Modification  "A”  provided  improvement  in  NO 
performance  (compared  to  the  same  residence  time  liner) ,  but 
other  concepts  subsequently  tested  demonstrated  greater  potential 
for  emission  reduction. 

TANGENTIAL-SWIRL  COMBUSTOR 

One  of  the  potential  concepts  selected  from  Task  2  studies  was  the 
"Extended-Length,  Tangential- Swirl  Liner."  The  concept  was  to 
replace  the  existing  primary  holes  with  a  set  of  sixteen  tangential 
swirl  louvers  discharging  upstream.  The  swirl  louvers  were  fab¬ 
ricated  in  a  6- inch  cylindrical  section  added  between  the  dome 
and  the  first  film  cooling  annulus.  Task  2  studies  indicated  that 

NO  should  decrease  because: 

x 

o  Primary  zone  swirl  should  improve  the  mixedness  and  reduce 
the  local  hot-spot  temperatures  in  the  primary-zone,  thus 
reducing  the  concentrations  of  the  N0x  formed. 

o  The  primary-zone  recirculation  should  be  improved,  thus 
increasing  flame  stability. 

o  The  intermediate  temperature  zone  (distance  from  primary 
holes  to  dilution  holes)  residence  time  increases.  Thus, 
additional  time  is  provided  to  consume  the  CO,  CXH  ,  and 
carbon.  ^ 

The  modifications  made  to  the  conventional  T63-A-5A  liner  to  obtain 
an  "Extended-Length,  Tangential-Swirl  Liner"  were; 

o  Add  constant  diameter,  6- inch- length  section  between  the  dome 
and  the  first  cooling  annulus. 

o  Close  original  row  of  primary  holes. 

o  Add  two  rows  of  swirl  louvers  ,30  inch  wide  by  1.00  inch  long, 

eight  per  row,  inclined  upstream  at  a  45-degree  angle,  and 
arranged  in  a  helical  pattern. 
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o  Add  a  convection  cooling  shell  between  the  second  row  of 
louvers  and  the  first  film  cooling  annulus,  connected  to 
and  feeding  the  first  film  cooling  annulus. 

The  hole  patterns  and  important  axial  dimensions  for  the  "Conven¬ 
tional  Liner,"  the  "Extended-Length  Liner,"  and  the  "Extended- 
Length,  Tangential- Swirl  Liner"  are  shown  in  Figure  171. 

All  three  liners  had  the  same  airflow  area  split  as  tabulated 
below: 


Dome  Holes . .  . . 11.8% 

First  Cooling  Step . 11.2% 

Primary  Holes  or  Louvers  .  26.3% 

Second  Cooling  Step.  .....  .  11.2% 

Trim  Holes  . . IS. 2% 

Dilution  Holes  . . 24.2% 


99.9% 

With  the  above  calculated  flow  splits,  the  primary-zone  equivalence 
ratio  at  T63  maximum  power  is  0.77  for  all  three  liners.  This 
ratio  is  based  on  the  primary  zone  air  being  supplied  only  by  the 
dome  holes  and  the  primary  holes  or  louvers.  The  first  cooling 
step  is  assumed  to  mix  with  the  reaction  gases  further  downstream. 

The  "Extended- Length,  Tangential-Swirl  Liner"  which  was  fabricated 
for  test  is  shown  in  Figures  172  and  173. 

The  "Extended-Length,  Tangential-Swirl  Liner"  was  tested  in  a 
T63  combustor  rig  at  two  of  the  nonregenerative  T63  combustor 
conditions  tabulated  in  Table  IV.  The  emission,  pressure  loss, 
and  temperature  profile  results  are  summarized  and  compared  with 
the  "Conventional  T63-A-5A  Liner"  and  the  "Extended-Length  Liner" 
in  Table  LX.  All  three  liners  were  tested  with  the  conventional 
T63  pressure  atomizing  fuel  injector  and  JP-4  fuel.  As  shown  in 
Table  LX,  data  were  not  taken  for  the  "Extended-Length, 
Tangential-Swirl  Liner"  at  cycle  points  2,  3,  4,  and  5  because  it 
was  obvious  from  the  flame  pattern  distortion  and  the  results  of 
the  on-line  CO  and  CxHy  instrumentation  for  the  first  two  data 
points  that  this  combustor  liner  could  not  produce  emissions  as 
low  as  the  "Conventional  Liner,”  let  alone  50%  lower  emissions. 
Also,  the  extremely  poor  exhaust  temperature  profile  would  have 
resulted  in  localized  overheating  and  combustor  failure  at  the 
higher  operating  points. 
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Figure  172.  Preliminary  Low-Emission,  Extended-Length, 
Tangential-Swirl  Liner. 
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TABLE  LX.  COMPARISON  OF  T63  NON-REGENERATIVE  EMISSION  /COMBUSTOR  PERFORMANCE 

OF  (L)  CONVENTIONAL  COMBUSTOR,  (2)  EXTENDED-LENGTH  COMBUSTOR, 

AND 

(3)  EXTENDED  LENGTH,  TANGENTIAL-SWIRL  COMBUSTOR 

I.  Conventional  Liner 

Cycle  Point 

A.  Emissions 

1 

6 

5 

4 

3 

2 

CO,  (ppm) 

893 

652 

496 

383 

214 

75 

H/C,  (ppm) 

100 

37 

15.8 

4.1 

0.7 

0.6 

NO  ,  (On-Line,  NDIR  &  NDUV)  (ppm) 

17.0 

32.0 

41.1 

45.6 

58.0 

81.0 

N0X,  (On-Line,  CL)  (ppm) 

17.2 

23.4 

32.6 

40.7 

56.3 

80.6 

NO  ,  (Saltzman)  (ppm) 

18.  S 

27.8 

37.6 

45.9 

61.3 

90.6 

Smoke  Number 

3. 

7. 

12. 

17. 

25. 

30. 

B.  Pressure  Loss  (X) 

4.63 

4.51 

4.53 

4.44 

4.38 

4.14 

C.  Temp.  Profile  (T  A  ) 

'  max  avg' 

1.11S 

1.142 

1.120 

1.113 

1.104 

1.065 

II.  Extended-Length  Liner 

A.  Emissions 

CO,  (ppm) 

495 

298 

185.5 

94.0 

38.6 

22.6 

M/C,  (ppm) 

49. 

15.8 

5.1 

1.0 

O.S 

0.4 

N0X,  (On-Line,  NDIR  &  NDUV)  (ppm) 

25.0 

33.0 

39.5 

56.5 

72.0 

119.5 

N0X,  (On-Line,  CL)  (ppm) 

19.0 

26.5 

35.0 

47.0 

68.0 

113.3 

N0X,  (Saltzman) (ppm) 

24.8 

38.3 

41.0 

56.0 

79.7 

123.9 

Smoke  Number 

1.72 

3.76 

3.28 

2.80 

4.20 

0.59 

1.  Pressure  Loss  (X) 

5.10 

4.61 

5.09 

4.91 

4.74 

4.59 

C.  Temp.  Profile  (T^ XA  ) 

1.229 

1.210 

1.198 

1.171 

1.129 

1.188 

III.  Extended -Length,  Tangential- Swirl  Liner 

A.  Emissions 

CO,  (ppm) 

it  A 

856.6 

m 

M/C,  (ppm) 

1380.0 

1020.0 

1 

1 

i 

3 

N0X,  (On-Line,  NDIR  &  MJUV)  (ppm) 

18.0 

18.5 

P 

5 

N0X, (Saltzman) fopm) 

9.13 

10.4 

i 

1 

I 

s 

Smoke  Number 

73.11 

74.66 

3 

B.  Pressure  Loss  (X) 

5.63 

5.40 

8 

8 

8 

8 

C.  Temp.  Profile  )' 

1.751 

1.839 

1 

{ 

£ 


7 

| 

I 
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Analysis  of  the  test  results  for  the  "Extended-Length,  Tangential- 
Swirl  Liner"  revealed  the  following: 

o  The  predicted  reduction  in  N0X  from  the  Task  2  studies  were 
verified, as  the  NOx  emissions  from  the  "Extended  Length, 
Tangential-Swirl  Liner"  were  the  lowest  of  the  three  liners 
compared  in  Table  LX, 

o  The  interaction  between  the  fuel  spray  from  the  pressure 

atomizing  fuel  injector  and  the  upstream  tangential  swirl 

airflow  was  not  conducive  to  a  uniform  flame  pattern 

having  high  prir.tary-zone  recirculation.  Evidence  of  this  is 

the  high  T  /T  exhaust  temperature  profile  measured  and 
6  max  avg  r  r 

the  high  levels  of  CO,  CxHy,  and  smoke  whiv_h  resulted  from 
insufficient  high-temperature  residence  time  (low  recircu¬ 
lation)  . 

o  Test  reports  (previously  available  in  the  literature) 
on  tangential-swirl  combustion  liners  provided  no  data 
on  the  sizable  increases  in  CO,  (^Hy,  and  smoke  that 
would  result  from  this  type  of  combustor  design. 

The  emission  data  in  Table  LX  for  cycle  point  1  (idle)  were 
converted  to  emission  index  for  the  LOH  duty  cycle.  The  computer 
results  for  this  one  data  point  are  shown  in  Table  XLVI. 

A  comparison  was  made  of  idle  emission  index  values  for  the 
"Conventional  Liner"  and  the  ’Ex tended -Length,  Tangential-Swirl 
Liner."  This  comparison  is  presented  in  the  emission  index 
summary  of  Table  XLVI.  In  this  table  the  N0X  emission  indexes 
were  computed  from  the  NDIR  ♦  NDUV  instruments,  which  produced  a 
different  result  than  the  Saltzman.  For  idle  oxides  of  nitrogen, 
the  NDIR  +  NDUV  results  showed  an  increase  in  NO  of  696.  The 
Saltzman  results  showed  a  decrease  of  519$  at  idle.  Both  mrr>ure- 
ment  methods  showed  lower  N0x  in  comparing  the  "Extended-Length, 
Tangential-Swirl  Liner"  to  the  "Extended-Length  Liner."  The 
comparison  of  the  other  idle  emissions  for  these  two  extended- 
length  combustors  showed  significant  increases  in  CO,  CxH  ,  and 
smoke.  These  results  can  be  seen  in  Table  LX*  y 

The  tangential* swirl  approach  used  in  this  combustion  liner 
significantly  increased  the  total  emissions.  This  was  possibly  due 
to  the  deterioration  of  the  primary-zone  flow  pattern  created  by 
the  upstream  component  of  the  primary-zone  swirl  air.  This  up¬ 
stream  component's  impinging  on  the  fuel  spray  could  have  partially 
collapsed  the  fuel  spray  cone, thus  overloading  the  primary-zone 
and  disrupting  the  primary-zone  recirculation.  These  conditions 
would  reduce  the  primary-zone  mixedness  and  residence  time,  re¬ 
sulting  in  low  N0X  but  high  CO,  CxHy*  and  smoke.  Reversing  the 
swirl  louvers  to  produce  a  downstream  axial  swirl  component  or 
eliminating  the  induced  axial  component  altogether  would  probably 
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increase  the  NOx  above  the  levels  tested,  but  might  significantly 

reduce  the  CO,  C  H  ,  and  smoke* 
x  y 

The  tangential-swirl  approach  with  an  induced  upstream  axial 
component  did  not  reduce  the  total  emissions,  and  its  inclusion 
in  the  final  concept  is  not  recommended. 

SWIRL- DOME  COMBUSTOR 

One  of  the  potential  low-emission  concepts  selected  in  the  Task  2 
studies  was  the  "Extended-Length ,  Radial-Swirl-Dome  Combustor 
Liner."  The  concept  is  to  replace  the  entire  primary-zone  air 
distribution  system  w.  th  an  extended-length  cylinder  and  a  radial 
swirler  dome  through  which  all  of  the  primary  air  is  passed.  Task  2 
analytical  studies  indicated  that  emissions  should  decrease  be¬ 
cause: 

o  The  effect  of  the  swirl  is  to  improve  the  mixedness  and 

reduce  the  local  hot*  spot  temperatures  in  the  primary  zone, 
thus  reducing  the  concentrations  of  NOx  formed. 

o  The  primary-zone  recirculation  should  be  significantly  im¬ 
proved. 

o  The  intermediate  temperature  zone  upstream  of  the  dilution 
holes  is  increased,  thus  increasing  the  residence  time  at 
these  temperatures  and  resulting  in  reduced  concentrations 
of  carbon  monoxide,  hycrocarbons ,  and  particulate  carbon. 

The  "Extended-Length  ,  Radial-Swirl-Dome  Combustion  Liner"  was 
designed  for  the  T63  nonregenera tive  combustor  operating  condi¬ 
tions  tabulated  in  Table  IV. 

Two  combustor  configurations  of  this  type  were  tested  under  this 
contract.  The  design  details  of  each  configuration  are  presented 
separately  below. 

fi&firisfigflfflfcm  Wall  fUfilzEUfl  Ifiimivn  Psalm 

A  completely  redesigned  primary  zone  was  fabricated  to  obtain  the 
"Extended-Length,  Radial-Swirl-Dome/Wall  Fuel-Film  Vaporizer 
Combustor  Liner.”  The  only  parts  of  the  conventional  T63  liner 
retained  in  the  design  were  the  fuel  injector  bushing  and  the 
dilution  zone  section.  The  hole  pattern  in  the  dilution  zone  was 
modified  as  shown  in  the  combustor  comparison  outlines  in 
Figure  174.  The  "Radial-Swirl-Dome/Wall  Fuel-Film  Vaporiser 
Combustor  Liner”  has  the  following  characteristics: 

o  The  total  length  is  14.35  inches  compared  to  the  9.56-incb- 
lcngth  of  the  "Conventional  T63  Liner." 
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o  The  fuel  was  added  to  the  combustor  through  a  wall  fuel- 

film  injection  system  which  injected  twelve  streams  of  fuel 
tangentially  on  the  liner  inn^r  wall  in  the  direction  of  the 
swirling  primary-zone  air.  The  injection  ports  were  located 
0.50  inch  downstream  of  the  liner  dome. 

o  The  through-put  equivalence  ratio  downstream  of  the  fuel 

injection  ports  was  3.9  when  all  of  the  fuel  was  vaporized. 

o  The  through-put  equivalence  ratio  downstream  of  the  row  of 
primary  holes  was  0.98  at  10036  power  fuel/air  ratio.  This 
compares  to  an  equivalence  ratio  of  0.77  for  the  conven¬ 
tional  T63  liner. 

o  Swirl  vanes,  shown  in  Figure  174,  were  Installed  in  the 
dome  to  provide  a  high  shear  velocity  across  the  fuel  film 
for  rapid  vaporization  and  to  establish  intense  primary-zone 
recirculation  for  uniform  combustion. 

o  The  primary  zone  is  cooled  by  the  high-velocity  air-fuel 
mixture  created  by  the  dome  swirl  vanes. 

o  The  conventional  liner  trim  and  dilution  holes  were  closed, 
and  a  single  row  of  dilution  holes  was  added  2.10  inches 
upstream  of  the  combustor  exit.  This  design  change  was  made 
to  delay  the  quench  of  CO,  CxHy,  and  C  reactions. 

Viriaitlfi-gfiQfnBtrv»  Convent iani i  Atgalmi  -  iteaUn 

For  this  configuration, the  primary  zone  was  also  completely  rede¬ 
signed  to  obtain  the  "Extended-Length,  Radial-Swirl -Dome/Variable- 
Dilutlon  Geometry/Standard  Fuel  Injection  Combustor  Liner."  The 
only  parts  of  the  conventional  T63  liner  retained  in  this  design 
were  the  fuel  injector,  the  fuel  injector  bushing,  and  the  dilution 
zone  section.  This  combustor  has  the  following  characteristics: 

o  The  total  length  is  14. 3$  inches,  the  same  as  the  "Wall 
Fuel-Film  Vaporizer"  configuration. 

o  The  fuel  injector  was  the  standard  T63  dual-orifice  pressure 
atomizer. 

o  The  "Variable-Geometry"  dilution  section  produced  primary- 
zone  equivalence  ratioa,  based  on  through-put  swlrler  air, 
both  higher  and  lower  than  the  0.77  conventional  T63  liner 
primiry-zone  equivalence  ratio. 

o  All  of  the  primary  air  entered  through  the  dome  swirler. 

(Later  cold- flow  tests  revealed  that  a  significant  portion 
of  the  dilution  air  was  drawn  upstream  into  the  primary  zone.) 
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o  A  3.0-inch  diameter  orifice  flame  holder  was  installed 
2.0  inches  downstream  of  the  swirler. 

o  Swirl  vanes,  shown  in  Figure  175,  wore  installed  in  the 
dome  to  establish  intense  primary-zone  recirculation  for 
uniform  combustion. 

o  The  primary  zone  was  cooled  by  the  high-velocity  air  enter¬ 
ing  the  primary  zone  through  the  swirl  vanes. 

o  The  conventional  liner  trim  holes  were  elosed,and  a  six- 
hole-pattern  row  of  dilution  holes  was  added  in  the  same 
axial  location  as  the  two  conventional  liner  dilution  holes. 
Over  these  circular  holes  was  a  slip  band  having  square 
holes, which  provided  the  variable  geometry  for  the  dilution 
zone.  The  purpose  of  the  variable  geometry  was  to  control 
the  primary-zone  equivalence  ratio  and  thus  the  combustion 
temperature  to  reduce  the  formation  of  tlie  NO  and  to  con¬ 
sume  the  CO,  C  H  and  carbon.  x 

*  y 

o  The  additional  length  of  this  combustor  was  to  allow  for 

more  complete  oxidation  of  the  CO,  C  M  and  C  reactions. 

*  # 

The  *'Ex tended- Length,  Radial-Swirl-Dome  Combustor  LinerM  was 
tested  at  the  conditions  given  in  Table  IV.  The  tests  were 
conducted  at  steady-state  conditions  in  the  DDA  Combustion 
Research  Laboratory,  using  JP-4  fuel.  The  experimental  results 
for  each  combustor  configuration  utilising  a  radial  ewi rl  dome  are 
presented  below. 

fuel  film  MsfiUaa  z  fiAMfJjwntii  AuuUa 

The  experimental  CO  and  CxMy  emission  results  presented  in 
Figures  176  and  177  show  significant  reductions  in  emissions 
when  compared  to  the  "Conventional  T63-A-5 A  Linar"  emissions. 
Compared  to  the  same  length  combustor,  "Extended-Length  Liner," 
the  CO  was  slightly  lower  at  low  power  conditions  and  slightly 
higher  at  high  power  conditions.  Except  for  the  idle  point,  the 
H/C  emissions  compared  in  s  similar  manner  for  the  same  length 
liners.  The  NO*  results,  presented  in  Fipire  178,  show  higher 
NO*  emissions  than  the  "Conventional  T63-A-SA*  combustor.  The 
data  exhibit  the  same  characteristics  (the  curves  nearly  parallel 
each  other),  but  there  is  approximately  7  ppm  higher  concentration 
at  all  operating  points.  Compared  to  the  "Extended-Length  Liner", 
the  NOx  emission*  were  slightly  higher  at  low  power  conditions, 
somewhat  loM>r  at  the  higher  power  conditions,  and  considerably 
lower  at  maximum  power.  The  smoke  was  decidedly  higher  than 
uoth  the  "Conventional  T63-A-SA  Combustor  Liner"  and  the  "Extended- 
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Figur*  17S.  Preliminary  L©w-«j**ission,  Extended-Ler«th,  Radial-Swirl-Dome 
Combustor  Liner  -  Variable  Geometry  With  Conventional  Pressure 
Atomizer  Tael  Injection. 


Carbon  Monoxide  -  PPM 


Percent  Output  Horsepower 

Figure  176.  Nonregenerative  T63-A-SA  Combustor 

Carbon  Monoxide  Emission  Data  Comparison  for 
Extended-Length, Radial- Swirl- Dome  With  Wall 
Film  Vaporization  and  T63  Baseline  Combustors. 
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drocarfcons  as  C-HQ  -  PPM 


Figu  'e  177.  Nonregenerative  T63-A-5A  Combustor 

Hydrocarbon  Emission  Data  Comparison  for 
Extended-Length, Radial- Swirl-Dome  With  Wall 
Film  Vaporization  and  T63  Baseline  Combustor. 
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Oxides  of  Nitrogen  as  NO^ 
(On-Line,  NDIR  +  NDUV) 


Length  Liner,"  as  shown  by  the  data  in  Figure  179.  The  temperature 
profile  (Tmax/Tavg)  from  the  "Extended-Length,  Radial-Swirl-Dome 
Combustor  Liner,  Fixed  Geometry,  Wall  Fuel  Film  Injection  Con¬ 
figuration"  was  considerably  worse  than  from  the  Conventional 
T63-A-5A  Liner"  and,  for  most  of  the  operating  conditions,  also 
worse  than  from  the  "Extended-Length  Liner.  These  data  are 
presented  in  Figure  180.  With  development,  the  temperature 
profile  could  be  improved  to  an  acceptable  level. 

The  measured  pressure  loss  of  the  "Wall  Fuel  Film  Injection 
Liner"  was  nominally  5.9%.  As  seen  from  Table  LXI,  this  pressure 
drop  compares  with  4.4%  for  the  "Conventional  Liner"  and  4.8%  for 
the  "Extended-Length  Liner." 

Using  the  emissions  data  presented  in  Table  LXI  and  Figures  176 
through  179,  the  emission  index  for  the  selected  LOH  duty  cycle 
was  calculated.  The  total  emission  index  for  the  "Wall  Fuel  Film 
Injection  Liner"  was  15.426  lb  emission s/1000  lb  fuel,  as  shown 
in  Figure  181.  This  compares  to  32.945  lb/1000  lb  fuel  for  the 
"Conventional  Liner"  as  shown  in  Figure  181.  Therefore,  the 
total  emissions  from  the  "Wall  Fuel  Film  Injection  Liner"  were  47% 
of  the  total  emissions  from  the  "Conventional  Liner"  and  thus  met 
the  50%  reduction  of  total  emissions  part  of  the  contract  objec¬ 
tives.  However,  as  shown  in  Table  XLVI,  the  N0X  and  particulates 
emission  index  values  increased  above  the  constituent  levels  of 
the  "Conventional  Liner"  and  therefore  did  not  meet  the  contract 
objective  of  no  constituent  emission  increase.  For  the  same 
length  liner  ("Extended  Length"),  the  "Wall  Fuel  Film  Injection 
Liner"  had  approximately  the  same  total  emissions, but  there  was  a 
major  increase  in  smoke/ particulates. 

Visual  examination  of  the  "Wall  Fuel  Film  Injection  Liner"  after 
testing  showed  some  thermal  distortion  of  the  swirler  blades,  which 
explains  the  decreasing  values  of  pressure  drop  with  time  (increas¬ 
ing  power  level  operating  conditions) .  The  swirl  vanes  were  con¬ 
strained  by  the  cold  fuel  manifold.  Hot  combustion  products 
traveling  upstream  in  the  swirl  vortex  accounted  for  the  heating 
of  the  swirl  vanes.  The  resulting  compressive  stress  forced  the 
vanes  to  spread  apart.  There  was  no  other  apparent  damage  to  the 
combustor. 

Variable.  Geometry.  Conventional  Atomizer  -  Experimental  Results 

The  emissions  for  this  configuration  for  various  geometry 
settings  are  summarized  in  Table  LXII.  The  test  procedure  for  this 
variable-geometry  combustor  was  to  adjust  the  geometry  at  each 
cycle  point  to  only  those  settings  which  produced  constituent 
emission  concentrations  within  levels  of  interest.  The  emissions 
data  are  compared  with  baseline  combustor  liner  emissions  in 
Figures  182  through  185.  It  was  possible  with  various  geometry 
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Smoke  Number  (SAE  ARP  1179  Procedure) 


Figure  179.  Nonregenerative  T63-A-5A  Combu9tor 

Smoke  Data  Comparison  for  Exte nded-Length, Radial- 
Swirl-Dome  With  Wall  Film  Vaporization  and  T63 
Baseline  Combustors. 
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Temperature  Profile  -  T  /T  - 

max'  ave  ' 


Figure  180.  Nonregene rative  T63-A-5A  Combustor 

Temperature  Profile  Data  Comparison  for  Extended  - 
Length, Radial- Swirl- Dome  With  Wall  Film  Vaporization 
and  T63  Baseline  Combustors. 
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TABLE  LX'  J .  COMPARISON  OF  T63  NONREGENE  RATI  VE  EMISSION  COMBUSTOR 
PERFORMANCE  OF  (l)  CONVENTIONAL  LINER,  (2)  EXTENDED- 
LENGTH  LINfcU,  (3)  EXTENDED-LENGTH,  RAOIAT  SWIRL- 
DOME  LINER  WITH  WALL  FUEL  FILM  VAPORIZER 


Conventional  Liner 

A.  Emissions 

CO,  (ppm) 

H/C,  (pp«) 

NO  ,  (Op-Line,  NUIR  &  NUUV)  (ppm) 
NO  .(On-Line,  CL)  (ppm) 

N0?  ,  (Saltzman)  (ppm) 

Smoke  Number 

B.  Pressure  Loss  {%) 

C.  Temp.  Profile  (T  .  /T  .) 


Extended-Length  Liner 

A.  Emissions 

CO.  (PPm) 

H/C,  (ppm) 

N0x,  (On-Line,  NDIR  &  NDUV)  (ppm) 
NO  ,  (On-Line,  CL)  (ppm) 

NO^,  (Saltzman)  (ppm) 

Smoke  Number 

B.  Pressure  Loss  (X) 

C.  Temp.  Profile  (T^/T  ) 


a  I*  Sw  j  r  1-  Pome  -  Ext  ended- Le  nc  t  h 
t  Kith  Hall  fuel  film  Vaporiser 

Emissions 

CO,  (ppm) 

H/C,  (ppm) 

(On-Line,  NDIR  &  NHUV)  (ppm) 
KO^ ,  (Saltzman)  (ppm) 

Smoke  Number 
Pressure  Loss  (X) 

Temp.  Profile  (T w'Th  ) 


~ 

6 

"  s  1 

4 

893 

6S? 

496  1 

383 

100 

37 

IS. 8 

4.1 

17.0 

.  32, V j 

41.1 

4S.6 

1 7 . 2 

23.4 

32.6 

40.7 

18. S 

!  27,8 

37.6 

45,9 

3. 

j  7. 

12. 

17. 

*!  ,f,  ’ 

!  4.  SI 

j. 

4. S3 

4.44 

I.11S 

1.142 

1.120 

1.113 

5.C9  4.91 

1.198  1.171 


108.6  82.8  90.7 

1.9  2.9  .7 


2.9  .7  .S 

S3. 0  68.  S  86.  S 
66. 6  88.71110.0 


1.113  1.226  I  )  .?.U 


LB  FUEL) 


SWIRL 


4W  Open 

CO  fPP») 
K/C  (PP") 
NO  (KOI K 


2  OX 

CU  (ppm) 
M/C  (pp*) 
mo,  (nu;h 


MO,  (NDIR  &  NUUV)  (ppm) 
MO,  (Saltamen)  (pps>) 
Smoke  Index 

1QX  Open 

CO  (ppm) 

H/C  (ppm) 

MO,  (Mi  IK  &  HDUV)  (ppm) 
MO,  (Hal  Oman)  (ppm) 
Smoke  Index 


OX  Open 

CO  (ppm) 

HZ'-  IPpm) 

NO,  («»IR  &  NDUV)(ppm) 
NO,  (Sal Oman)  (ppm) 
Smoke  Inonx 


Carton  Monoxide  -  PPM 


Figure  mi,  NonregereraUve  ?*3-A~SA  Combustor 

Carbon  rtonnxido  Emission  Oat  a  Comparison  tor 
Extended  H*n;s*h,  Rid  I#  1-Swi  rl- Pome  Standard  Fuel 
Injection  Co'.'xjstor  and  T63  Baseline Combustors. 
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Hydrocarbon* 


O Conventional  Liner 

□  Extended-Length  Liner 

Extended-Length-Radial,  Swirl-Dome 
Standard  Fuel  Injection  Liner 
(Design  No.  8] 

DilutionvZone  Variable 

Geometry  Setting  _ 

A  100%  Open 

- Cx  80%  Open 

_ D  60%  Open _ 

Q  40%  Open  / 

“  O  20%  Open  ’  ~f 

- 0  10%  Open  .  J. _ 

O  0%  Open  / 


HI 


mw» 


m 


10  20  30  *0  50  60  70  ”  80  90  100 
P*rc*nt  Output  Horsepower 


Figure  183. 


Nonregene  re  five  T&3-A-SA  Combustor 
Hydrocarbon  Emission  Data  Comparison  for  Extended- 
Length,  Radial-  Swirl  -Dome  Standard  Fuel  Injection 
Combustor  and  T£>3  Baseline  Combustors. 
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Oxl dea  of  nitrogen  as  N02  -  PPM 

(Or -Line,  NDIR  +•  KDUV) 


figure  184.  Nonregenerati  ve  T6  3-A-SA  Combustor 

Nitrogen  Oxides  emission  Data  Comparison  for 
Extended-Length, Radial- Swirl-Dome  Standard  Fuel 
Injection  Combustor  and  T63  baseline  Combustors. 
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Smoke  Number  (SAE  ARP  1179  Procedure) 
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Figure  185.  Nonregenera tive  T63-A-5A  Combustor 

Smoke  Data  Comparison  for  Extended-Length,  Radial- 
Swirl-Dome  Standard  Fuel  Injection  Combustor  and 
T63  Baseline  Combustors. 
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settings  to  trade  reductions  in  CO  and  CxH->  concentrations  for  in¬ 
creases  in  N0X  at  the  lower  power  conditions,  but  at  the  higher 
power  conditions  the  combustor  was  unable  to  trade  increases  in  CO 
and  CxHy  for  reductions  in  N0X.  At  the  7596  power  condition, the 
fully  closed  geometry  setting  (096  open)  showed  that  the  combustor 
could  not  reduce  the  N0X  concentrations  below  the  " Conventional 
T63-A-5A  Liner"  N0X  levels,  see  Figure  184.  The  accompanying  CO  and 
CxHy  concentrations.  Figures  182  and  183,  were  many  times  higher  than 
those  of  the  "Conventional  T63-A-5A  Liner."  Smoke  from  the  variable- 
geometry  configuration.  Figure  185  was  quite  low  except  for  the  fully 
closed  position  at  5596  power.  The  combustor  exhaust  temperature  pro¬ 
file,  Table  LX1II  and  Figure  186,  improved  as  the  dilution  holes 
were  closed  until  the  2096  open  position  was  reached.  The  1096  and  096 
open  positions  showed  significant  deterioration  of  the  temperature 
profile.  Th'  temperature  profile  degradation  was  probably  caused  by 
the  failure  of  the  flameholder.  Consequently,  (1)  because  the  N0X 
concentrations  could  not  be  reduced  below  baseline  levels  at  7596 
power  and  (2)  because  of  the  worsening  trend  of  the  temperature  pro¬ 
file  at  7596  power,  there  was  no  data  taken  at  10096  power. 

Liner  pressure  drop.  Table  LXIV,  varied  from  6.296  at  10096  open  to 
22.8%  at  0%  open.  These  values  are  considerably  higher  than  the 
"Conventional  Liner"  and  the  "Extended -Length  Liner"  pressure  drops. 

Using  the  emission  data  presented  in  Table  LXII  and  Figures  182 
through  185,  the  emission  index  values  for  each  combustor  operating 
point  and  geometry  setting  were  computed.  A  total  LOH  duty  cycle 
emission  index  value  was  not  computed  since  no  data  was  taken  at 
Cycle  Point  2  -  100%  power.  The  minimum  emission  index  for  Cycle 
Points  1,  3,  4,  and  5  was  29.50  lb  total  emissions/1000  lb  fuel 
based  cn  fuel  usage  from  all  five  cycle  points, i.e.,  zero  emissions 
at  maximum  power.  Cycle  Point  2.  This  minimum  emission  resulted 
from  t.ie  following  geometry  settings; 


Cycle 

% 

%  Open 

Point 

Power 

Geometry  Setting 

1 

10 

80 

5 

40 

40 

4 

55 

40 

3 

75 

0 

constituent  emission 

index  values, 

based  on  140- 65  lb  fuel  used. 

were  the  following: 
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TABLE  LXIII.  COMPARISON  OF  EXHAUST  TEMPERATURE  PROFILE  (Tmax/Tava) 
FOR  EXTENDED-LENGTH,  RADIAL-SWIRL-DOME  LINER  HAVING' 
VARIABLE-GEOMETRY,  WITH  BASELINE  COMBUSTOR  LINERS 
AT  NONREGENERATIVE  CONDITIONS 


Cycle  Point 

1 

6 

S 

4 

3 

2 

I. 

Conventional  Liner 

1.115 

1.142 

1.120 

1.113 

1.104 

1.06S 

n. 

Extended-Length  Liner 

1.229 

1.210 

1.198 

1.171 

1.129 

1.188 

hi. 

Extended-Length, 

Radial- Swirl-Dome  Liner, 

Design  #8,  Having 

Variable  Geometry  at 

100%  Open 

1.264 

80%  Open 

1.221 

1.221 

60%  Open 

1.202 

1.174 

raja 

40%  Open 

1.181 

1.188 

Ex,;! 

20%  Open 

1.109 

1.079 

1.078 

10%  Open 

1.095 

0%  Open 

1.129 

1.294 
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Temperature  profile  -  T  A  -  *P/*F 

max'  ave  '  p 


Figure  186.  Nonregenerative  T63-A-5A  Combustor 

Temperature  Profile  Data  Comparison  for  Extended- 
Length,  Radial-  Swirl-Dome  Standard  Fuel  Injection 
Combustor  and  T63  Baseline  Combustors. 
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TABLE  LXIV.  COMPARISON  OF  PRESSURE  LOSS  (£)  FOR  EXTENDED-LENGTH, 
RADIAL  SWIRL  DOME  LINER  HAVING  VARIABLE  GEOMETRY  WITH 
BASELINE  COMBUSTOR  LINERS  AT  NONREGENERATIVE  CONDITIONS 


|  Cycle  Point 

1 

6 

S 

4 

3 

2 

Conventional  Liner 

4.63 

4.  SI 

4.53 

4.44 

4.38 

4.14 

Extended-Length  Liner 

5.10 

4.61 

5.09 

4.91 

4.74 

4.59 

Extended- Length, 

Radial- Swirl- Dome  Liner, 

Design  #8  Having 

Variable  Geometry  at 

lOOt  Open 

6.18 

80*  Open 

F.47 

6.72 

60*  Open 

7.17 

7.33 

7.21 

6.83 

40*  Open 

9.02 

9.14 

9.04 

8.75 

20*  Open 

13.30 

13.59 

12.57 

10*  Open 

18.91 

0*  Open 

22.77 

22.92 

Emission  Index 


Percent  of 

Constituent  lb  EmlssionVlQOO  lb  Fuel  "Conventional  Liner” 


Hydrocarbon 

2.38 

15496 

Carbon  Monoxide 

20.19 

7  796 

Oxides  of  Nitrogen 

6.90 

13696 

Smoke/Particulates 

.03 

196 

Total 

29.50 

9096 

It  must  be  remembered  that  the  above  emission  index  values  are 
based  only  on  Cycle  Points  1,  3,  4,  and  5.  However, the  percentages 
in  the  table  were  computed  using  the  four  emission  points  for  the 
"Swirl  Dome  Liner"  and  all  five  emission  points  for  the  "Conven¬ 
tional  T63-A-5A  Liner."  Thus, if  data  were  obtained  for  Cycle 
Point  2  (10096  power) ,  the  emissions  would  all  be  somewhat  higher 
than  the  values  presented. 

Visual  examination  of  the  combustor  liner  after  testing  revealed 
that  two  of  the  four  welds  supporting  the  flameholder  had  broken, 
thus  allowing  the  flameholder  to  distort.  This  failure  may  have 
accounted  for  the  high  levels  of  CO  and  CxHy  at  5596  and  7596  power 
settings. 

The  "Extended- Length, Radial- Swirl -Dome  Combustor  Liner"  with  Wall 
Fuel  Film  Injection  and  Fixed  Combustor  Geometry  produced  5396  lower 
total  emissions  than  the  "Conventional  T63-A-5A  Liner."  This  reduc¬ 
tion  satisfied  the  "5096  minimum  reduction  in  total  emissions"  portion 
of  the  contract  requirements,  but  the  requirement  of  "no  increase 
in  any  constituent  emission"  was  not  met  by  either  N0X  (1696  increase) 
or  smoke/particulates  (8596  increase  above  baseline) . 

Variable  geometry  in  the  "Extended-Length,  Radial-Swirl-Dome  Combustor 
Liner"  with  Conventional  Pressure  Atomising  Injection  did  not  provide 
sufficient  control  of  the  primary  zone  to  maintsin  low  emissions. 

This  lack  of  variable  geometry  control  was  probably  due  to  the 
failure  of  the  flameholder  at  the  higher  power  operating  conditions. 

A  more  substantially  held  flameholder  should  provide  improved  emis¬ 
sion  control. 

Additional  emission  reductions  might  be  achieved  by  further 
"tailoring"  of  the  swirl-intensity,  flow  splits  between  primary 
and  dilution  zones  and  the  design  of  a  flameholder  to  stabilise 
the  reaction  zone. 


344 


f? 


Comparing  the  "Extended-Length,  Radial-Swirl-Dome  Combustor  Liner"  | 

concept  with  other  combustor  configurations  tested  on  this  contract,  I 

it  was  recommended  that  no  additional  effort  be  expended  on  this  type 
of  combustor  at  this  time. 


RICH  PREMIX/SWIRL  COMBUSTOR 

One  of  the  potential  concepts  selected  from  the  Task  2  studies  and 
partial  results  from  Task  3  was  the  "Extended  Length-Premix  Cup/ 
Liquid  Fuel/Swirl  Dome  Combustor  Liner."  The  concept  was  to  incor¬ 
porate  the  following  features  to  reduce  the  emissions: 

0  A  premix  cup  (prechamber)  to  mix  the  fuel  and  air  and  to  par¬ 
tially  vaporize  and  react  the  fuel.  This  would  improve  the 
flame  homogeneity,  reduce  hotspots,  and  therefore  reduce  the 
emissions. 

4  Fuel-rich  mixtures  ( <b  ■  2.0  at  max.  power)  in  the  premix  cup. 
This  would  reduce  N0X  from  the  precombustion  and  early  phases 
of  the  primary  combustion  process. 

(Note:  This  will  work  only  if  sudden  quench  is  achieved  from 
the  fuel  rich  to  the  lean  overall  fuel/air  ratio  condition) . 

4  Delayed  dilution  to  allow  maximum  time  at  intermediate  temp¬ 
erature  to  consume  the  CO,  H/C,  and  particulate  emissions. 

The  intermediate  temperature  must  be  low  enough  to  avoid  N0X 
formation. 

4  Convection  cooling  in  the  primary  zone  instead  of  film  cooling 
to  avoid  quenching  of  the  CO,  H/C,  and  C  reactions  in  the 
relatively  cold  film  air. 

*  Extended  length  to  allow  additional  residence  time  to  react 
the  CO,  H/C,  and  particulates.  Previous  experiments  in 
Task  2  had  shown  that  the  extended  length  would  significantly 
reduce  CO  and  H/C  emissions  with  a  small  increase  in  N0X 
emissions. 

The  "Extended-Length,  Premix -Cup/Liquid  Fuel/Swirl -Dome  Combustor 
Liner"  was  designed  for  the  T63  nonregeneratlve  combustor  operating 
conditions  tabulated  in  Table  IV. 

A  completely  redesigned  primary  sone  was  fabricated  to  obtain  the 
"Extended-Length, Premlx -Cup/Liquid  Fuel/Swirl-Dome  Combustor  Liner." 
The  only  part  of  the  conventional  T63  liner  retained  in  the  design 
was  the  dilution  sone  section, and  its  hole  pattern  was  modified  as 
shown  in  Figure  187.  The  "Extended-Length* Premix-Cup/Liquid  Fuel/ 


34S 


DIA 


Swirl- Dome  Combustor  Liner"  as  shown  in  Figure  188  has  the  follow¬ 
ing  characteristics: 

*  The  total  length  is  15.56  inches  compared  to  a  9.56-inch  for 
the  "Conventional  T63"  liner. 

*  The  fuel  injector  was  the  standard  T63  dual-orifice  pressure 
atomizer. 

*  The  fuel-air  premix  chamber  was  3  inches  in  diameter  by  3.40 
inches  in  length. 

*  Swirl  vanes,  as  shown  in  Figures  187  and  188, were  installed 
in  the  dome  of  the  premix  chamber  to  recirculate  some  of  the 
combustion  products  back  into  the  premix  chamber.  This  pro¬ 
vides  partial  fuel  vaporization  and  Ignition  in  the  premix 
chamber. 

*  The  primary  zone  was  convection  cooled  as  shown  in  figure  188 
instead  of  the  conventional  film  cooling. 

*  The  airflow  distribution  for  the  "Ex tended- Length,  Premix 
Cup/Liquid  Fuel/Swirl-  Dome  Combustor  Liner"  was  designed  for 
2.0  equivalence  ratio  in  the  premix  cup  and  0.5  equivalence 
ratio  just  downstream  of  the  primary  holea.  These  equivalence 
ratio  values  are  for  T63  nonregenerntive  maximum- power  condi¬ 
tions.  The  conventional  T63  non- regenerative  combustor  oper¬ 
ates  at  0.77  equivalence  ratio  in  the  primary  zone. 

*  The  conventional  liner  trim  and  dilution  holes  were  combined 
into  a  single  row  of  holea  with  an  increased  area  from 

4  in.2  to  5.2  in*2.  As  shown  in  Figure  187,  this  single  row 
of  dilution  holea  was  moved  aft  to  2.1  inchaa  from  the  exit. 
This  design  change  was  made  to  delay  the  quench  of  CO,  H/C, 
and  C  reactions. 

The  "Extended-Langth,  Prsmix  Cup/Liquid  Fuel/Swirl- Dome  Combustor 
Liner"  was  tested  st  the  conditions  tabulated  in  Table  IV. 

In  addition  to  the  Table  IV  teat  conditions,  tha  combustor 
was  tested  at  three  additional  fuel/air  ratios  at  tha  idle  (10# 
power)  conditions.  The  testa  were  conducted  at  steady- state  condi¬ 
tions,  in  the  DDA  Combustion  Research  Laboratory,  using  JP-4  fuel. 

The  CO  and  H/C  emission  results,  plotted  in  Figures  189  and  190 
respectively,  show  significant  reductions  in  emissions  compared  to 
either  the  "Conventional  T63-A-5A  Liner*  or  the  "Extended-Length 
Liner. "  The  NDX  results,  presented  in  Figure  191,  show  general  emission 
improvement  at  the  lower  power  conditions  but  higher  HO*  at  the 
high  power  conditions.  The  amoke  trends,  aa  shown  in  Figure  192, 
are  also  somewhat  similar  to  the  "cross-over"  encountered  in  the 
NO*  data. 
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Carbon  Monoxide  -  PPM 


Fijura  189.  Monreganarativa  T63-A-SA  Coabustor 

Carbon  tfoooxlda  Balaaton  Data  Coapariaon  for 
Cxtandad-Laofth,  Rich  Pi«dx/Mrl  Coaboator 
and  T6I  Baaalln*  Coabuatora. 

M9 
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Figure  191.  Nonregenerative  T&3-A-SA  Combustor 


Nitrogen  Oxide*  Emission  Oat*  Comparison  for 
Extended- Length, Rich  P remix/ Swirl  Combustor 
and  T63  Baseline  Combustors. 

JSi 


Figure  192.  Nonr*H«ner*Civ«  Tfa  i-A-SA  Combust  or 

S*ok9  Data  Comparison  for  Extandad-Length, 
Rich  Pramix/Swirl  Combustor  and  T63  Baseline 
Combustors. 


The  temperature  profile  from  the  "Extended-Length, 

Premix  Cup/Liquid  Fuel/Swirl-Dome  Combustor  Liner"  was  approxi¬ 
mately  the  same  as  from  the  "Conventional  Liner"  at  10%,  25%,  and 
40%  power  conditions.  However,  as  shown  in  Figure  193,  it  was 
worse  than  from  the  "Conventional  Liner"  at  55%,  75%,  and  100% 
power  conditions. 

The  measured  pressure  loss  of  the  "Extended-Length, Premix  Cup/ 

Liquid  Fuel/Swirl-Dome  Combustor  Liner"  was  nominally  7.4%.  This 
compares,  as  shown  in  Table  LXV,  to  4.6%  for  the  "Conventional 
Liner"  and  5.1%  for  the  "Extended-Length  Liner." 

Using  the  emission  data  presented  in  Table  LXV  and  Figures  189 
through  192,  the  emission  index  for  the  selected  LOH  duty  cycle 
was  calculated.  The  total  emission  index  for  the  "Extended -Length 
Premix  Cup/Liquid  Fuel/Swirl-Dome  Combustor  Liner"  was  9.087  lb 
emissions/1000  lb  fuel.  This  compares  to  32.945  lb/1000  lb 
fuel  for  the  "Conventional  Liner."  Therefore,  as  shown  in 
Table  XLVI,  the  total  emissions  from  the  "Extended-Length, Premix 
Cup/Liquid  Fuel/Swirl-Dome  Combustor  Liner"  were  28%  of  the  emis¬ 
sions  from  the  "Conventional  Liner"  and  met  this  part  of  the  con¬ 
tract  objectives.  However;  as  shown  in  Table  XLVI,  the  NQX  emis¬ 
sion  index  compared  to  the  "Conventional  Liner"  N0X  emission  index 
increased  and  did  not  meet  the  contract  objective.  For  the  same 
length  liner,  the  "Extended-Length, Premix  Cup/Liquid  Fuel/Swirl- 
Dome  Combustor  Liner”  did  provide  a  very  slight  improvement  in  N0X, 
as  shown  in  Table  XLVI. 

Visual  examination  of  the  combustor  liner  after  the  tests  did  not 
reveal  any  apparent  damage. 

The  "Extended- Length, Premix  Cup/Liquid  Fuel/Swirl- Dome  Combustor 
Liner"  gave  a  72%  reduction  in  total  emission  compared  to  the 
"T63  Conventional  Liner."  However, the  N0X  increased  21%  (this 
increase  was  offset  by  CO,  H/C,  and  particulate  reductions  to 
give  the  total  reduction  of  72%).  This  increase  in  N0X  could  be 
controlled  by  variable  geometry, and  the  total  emissions  would  also 
decrease  even  more  than  the  72%.  This  is  due  to  the  unique  slope 
of  the  CO  emission  curve  shown  in  Figure  189.  Normally,  the  NQX 
is  traded  off  for  an  increase  in  CO.  However, with  the  "Extended- 
Length,  Premix  Cup/Liquid  Fuel/Swirl-Dome  Combustor  Liner,"  both 
CO  and  N0X  would  decrease  with  variable-geometry  control  of  the 
primary  zone  fuel/air  ratio. 

PEPPER-POT  DOME  COMBUSTOR 

One  of  the  potential  concepts  selected  from  the  Task  2  studies  and 
partial  results  from  Task  3  was  the  "Extended  Length-Pepper-Pot  Dome 
Combustor  Liner. "  The  concept  was  to  incorporate  the  following 


Temperature  Profile  -  ^par^ave  “  °F/*F 


1 


Figure  193.  Nonregenera tive  T63-A-SA  Combustor 

Temperature  Profile  Data  Comparison  for  Extended- 
Length,  Rich  Premix/Swit 1  Combustor  and  T63 
Baseline  Combustors. 
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features  to  reduce  the  emissions: 

0  Small-scale  recirculation  with  rapid  conversion  to  plug  flow. 
Task  2  reaction  kinetic  studies  had  shown  that  this  would  be 
an  ideal  condition  for  minimum  CO,  CxHy.  and  N0X  emissions. 

°  Convection  cooling  in  the  primary  zone  should  be  used  instead 
of  film  cooling  to  avoid  quenching  of  the  CO,  H/C,  and  C 
reactions  in  the  relatively  cold  film  air. 

0  Extended  length  would  allow  additional  residence  time  to 
reset  the  CO,  H/C,  and  particulates.  Previous  reaction 
kinetic  studies  and  experiments  in  Task  2  have  shown  that 
the  extended  length  would  significantly  reduce  CO  and  H/C 
emissions  with  a  small  increase  in  N0X  emissions. 

The  "Extended- Length,  Pepper-Pot  Dome  Combustor  Liner”  was  designed 
for  the  T63  nonregenerative  combustor  operating  conditions  tabu¬ 
lated  in  Table  IV. 

A  completely  redesigned  primary  zone  was  fabricated  to  obtain  the 
"Extended-Length,  Pepper-Pot  Dome  Combustor  Liner."  As  shown  in 
Figure  194,  the  only  part  of  the  conventional  T63  liner  retained 
in  the  design  was  the  dilution  zone  section.  The  "Extended-Length, 
Pepper-Pot  Dome  Combustor  Liner,"  as  shown  in  the  external  view 
(Figure  195),  has  the  following  characteristics: 

0  The  total  length  is  15.56  inches  compared  to  9.56  inches  for 
the  conventional  T63  liner.  (See  Figure  194.) 

0  The  fuel  injector  was  the  standard  T63  dual-orifice,  pres¬ 
sure  atomizer. 

0  All  the  primary  air  was  admitted  through  the  dome  holes  as 
shown  in  Figure  194. 

0  The  primary  zone  was  convection  cooled  as  shown  in  Figure  194 
instead  of  the  conventional  film  cooling. 

4  The  airflow  distribution  was  designed  for  0.77  equivalence 
ratio  in  the  primary  zone  at  T63  nonregenerative  maximum 
power  conditions.  This  is  the  same  as  the  T63-A-5A 
Conventional  Combustor. 

The  "Extended-Length,  Pepper-Pot  Dome  Combustor  Liner"  was  tested  at 
the  conditions  tabulated  in  Table  IV.  The  tests  were  conducted 
at  steadystate  conditions,  in  the  DDA  Combustion  Research 
Laboratory,  using  JP-4  fuel. 
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Figure  195.  Preliminary  Low-Emission  Extended-Length, 
Pepper- Pot- Dome  Combustor  Liner. 


The  CO  and  H/C  emission  results,  plotted  in  Figure  196  and  197» 
respectively,  show  significant  reductions  in  emissions  compared  to 
the  "Conventional  T63-A-5A  Liner."  Compared  to  the  same  length 
combustor,  "Extended-Length  Liner,"  the  CO  and  H/C  emissions  were 
less  at  low-power  conditions.  However, at  power  settings  above 
SSX,  for  the  CO  and  H/C  emissions  were  higher  than  for  the  "Extended- 
Length  Liner."  The  NOx  results,  presented  in  Figure  198,  show  higher 
N0X  emissions  than  with  the  "Conventional  Combustor"  and  approximately 
the  same  as  with  the  "Extended-Length  Liner."  The  smoke  was  signifi¬ 
cantly  reduced,  as  shown  in  Figure  199,  compared  to  either  the  "Con¬ 
ventional  Liner"  or  the  "Extended-Length  Liner." 


The  temperature  profile  (Tmax/TaVg)  from  the  "Extended-Length,  Pepper- 
Pot  Dome  Combustor  Liner",  as  shown  in  Figure  200,  was  worse  than  from 
the  "Conventional  Liner"  but  better  than  from  the  "Extended-Length 
Liner."  With  development,  the  temperature  profile  could  probably 
be  improved  to  equal  the  "Conventional  Liner." 

The  measured  pressure  loss  of  the  "Extended-Length,  Pepper-Pot  Dome 
Combustor  Liner"  was  nominally  S.2&6.  This  compares,  as  shown  in 
Table  LXVI,  to  4.496  for  the  "Conventional  Liner"  and  4.8X  for 
the  "Extended-Length  Liner." 

Using  the  emission  data  presented  in  Table  LXVI  and  Figures  196 
through  199,  the  emission  index  for  the  selected  LOH  duty  cycle 
was  calculated.  The  total  emission  index  for  the  "Extended-Length, 
Pepper-Pot  Dome  Combustor  Liner"  was  16.083  lb  emlssioiv^lOOO  lb 
fuel.  This  compares  to  32.94$  lb/1000  lb  fuel  for  the  "Conven¬ 
tional  Liner."  Therefore,  as  shown  in  Table  XLVI,  the  total 
emissions  from  the  "Extended-Length,  Pepper-Pot  Dome  Combustor  Liner" 
were  49X  of  the  emissions  from  the  "Conventional  Liner"  and  met 
this  part  of  the  contract  objectives.  However, as  shown  in 
Table  XLVI,  the  N0X  emission  index  compared  to  the  "Conventional 
Liner"  N0X  emission  index  Increased  and  did  not  meet  the  contract 
objective.  For  the  same  length  liner  ("Extended  Length"),  the 
"Extended-Length,  Peppar-Pot  Dome  Combustor  Liner"  had  approximately 
the  same  total  emissions  but  a  major  reduction  in  particulates 
(smoke) . 

Visual  examination  of  the  combustor  liner  after  the  teats  did  not 
reveal  any  apparent  damage. 

The  "Extended-Length,  Pepper-Pot  Dome  Combustor  Liner"  gave  a  SIX 
reduction  in  total  emission  compared  to  the  "T63  Conventional 
Liner."  However,  the  N0X  increased  33%  (this  increase  wee  offset 
by  CO,  H/C,  and  particulate  reductions  to  give  the  total  reduction 
of  SIX).  This  increase  in  could  be  controlled  by  variable 
geometry.  However,  the  CO  and  C*Hy  emissions  would  then  increase. 

Additional  improvements  in  amissions  from  this  combustor  might  bo 


Figure  196.  Nonreganarativ*  T63-A-SA  Conbustor 

Carbon  Monoxide  Delation  Data  Comparison  for 
Extendad-Langth,  Pappar- For- Dome  Combustor  and 
T63  Baseline  Combustors . 
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Hydrocarbons 
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Figure  197.  Nonregeneretive  T63-A-SA  Combustor 

Hydrocarbon  Emission  Data  Comparison  for 
Extended-Length,  Pepper- Pot-Dome  Combustor 
end  T63  Baseline  Cosdxistors. 
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Oxides  of  Nitrogen  as  N02  -  PPM 

(On-Line,  HDIR  +  NDUV) 
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Figure  198.  Nonregimerative  T63-A-SA  Combustor 

Nitrogen  Oxides  Emission  Date  Comparison  for 
Extended-Length,  Pepper-Pot-Ooms  Combustor  end 
T63  Baseline  Combustors. 
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TABU  LX VI.  COMPARISON  OF  T63  NOttEGENERATIVE  EMISSION/ COMBUSTOR 
PERFORMANCE  OF  (I)  CONVENTIONAL  LIICR,  (2)  EXTEWCD- 
UMGTH  LINER,  (3)  EXTEMJED- LENGTH,  PEPPER-POT  DOME 
LI  MLR 


I.  Convention*!  Liner 

A.  Emissions 
CO.  (PP») 

M/C,  (pt») 

»s,  (On-Line,  »IR  A  fCUV)  (ppn) 
M0X, (On-Line,  a)  (ppm) 

NOm,  (Ssltsnen)  (ppm) 


Cycle  Point 


B.  Pressure  Loss  (X) 

C.  Teep-  Profile  (T,,,/!^ 

Ill  C*ieaded-Len 

A.  bi  ss  ions 

CO,  CpP“) 

M/C,(PP») 

m9t (On-Line,  M)1R  A  «UV)(pt-) 
NO^, (On-Line,  EL) (ppm) 

NOi,(Ss» ts**o)  (ppm) 

Seeks  iebtr 

B.  Pressure  Loss  (X) 

c.  Temp.  Profile  (T^ ^/T  ^ 


I<1>  fatended-Length  Pepper  -Pot  Pone  Liner 
A.  Emission* 

CO,  (W») 

«/C.  (PP») 

«B.  (On-Line,  NDtt  A  MWV)  (ppn) 
(Bsltteen)  (ppe) 


B.  Pressure  Loss  (X) 

C.  Teop.  Profile 


2S 

IB 


M.l 

L» 

S.10 

UM 


M.i  m.« 
a.t  f.b 

20.0  M.) 

22. A  - 
0.0  0.0  l.l? 

).U  $.22  I.)| 
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obtained  by  further  "tailoring”  of  the  fuel  spray  angle  with  the 
dome  slope  angle. 

The  most  outstanding  feature  of  the  "Extended-LengthjPepper-Pot  Dome 
Combustor  Liner"  was  the  99%  reduction  in  particulates  (smoke) . 

This  low  smoke  feature  could  have  immediate  application  in  combus¬ 
tors  which  require  smoke  control. 

One  of  the  additional  concepts  selected  during  the  Task  3  experi¬ 
mental  studies  was  the  "Extended-Length,  Delayed- Qiench  Combustor 
Liner.”  The  concept  was  based  on  the  results  of  the  "Extended- 
Length,  Early-  Quench  Combustor  Liner”,  which  showed  that  when  the 
primary  holes  were  moved  closer  to  the  dome  for  earlier  quenching* 
the  CO*  CxHy,  N0X,  and  particulates  all  increased,  the  "Extended- 
Length,  Delayed-Quench  Combustor*'  incorporated  the  following 
features  to  reduce  emissions: 

*  Delayed  primary  air  quench  to  further  evaluate  the  effect  of 
axial  location  of  the  primary  air  on  combustor  performance 
and  emissions. 

*  Extended  length  to  allow  additional  residence  time  to  react 
the  CO,  C  H  ,  and  particulates.  Previous  reaction  kinetics 
studies  amrexperimenes  in  Task  2  had  shown  that  the 
extended  length  would  significantly  reduce  CO  and  C  H 
emissions  with  a  small  increase  in  N0X  emissions.  y 

The  modifications  made  to  the  conventional  liner  to  obtain  an 
"Extended-Length, Delayed Quench  Liner"  were: 

*  Add  constant-diameter,  6-inch-long  section  between  the 
primary  holes  and  the  film  coolant  step. 

*  Close  original  row  of  primary  holes. 

*  Add  new  row  of  prlaary  holes  (same  as  original*  T63 
conventional),  in  new  location .which  it  1.10  inchee  farther 
from  the  dome  than  the  conventional. 

The  hole  patterns  and  sixes  for  the  "Extended-Length,  Delayed -fetich 
Liner,"  "Conventional  Liner,"  and  "Extended  Length  Liner"  are 
Shown  in  figure  201.  Ail  three  liners  had  the  same  airflow  area 
split  as  tabulated  below. 
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Dome  Holes  * . . . ..  11.8% 

First  Cooling  Step.... .  11.2% 

Primary  Holes  .  26.3% 

Second  Cooling  Step .  11.2% 

Trim  Holes  . 15.2% 

Dilution  Holes  . 24.2% 

99.9% 


With  the  above  calculated  flow  splits,  the  primary  zone  equivalence 
ratio  at  T63  maximum  power  is  0.77. 
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The  "Ex tended-Length , Delayed -Quench  Liner"  was  tested  in  the  T63  j 

combustor  rig  at  the  nonregenerative  T63  combustor  conditions 
tabulated  in  Table  IV.  The  tests  were  conducted  at  steady-  I 

state  conditions  using  JP-4  fuel.  The  emission,  pressure  loss,  j 

and  temperature  profile  results  are  summarized  and  compared  with 
the  "Conventional  T63-A-5A  Liner"  and  the  "Extended- Length  Liner"  in  = 

Table  LXVII.  The  data  summary  in  Table  LXVIII  compares  the  three 
axial  positions  of  primary  holes  in  extended-length  configurations: 

"Ex tended- Length, Early-Quench,"  "Extended  Length,"  and  "Extended- 
Length, Delayed  -Quench."  All  four  liners  were  tested  with  the  con¬ 
ventional  T63  pressure  atomizing  fuel  injector  and  JP-4  fuel. 

Carbon  monoxide,  hydrocarbon,  oxides  of  nitrogen,  and  smoke  emis¬ 
sion  results  for  the  "Ex tended- Length, Delayed-Quench  Liner,"  the 
"Extended-Length,  Earl y-Quench  Liner,"  the  "Extended-Length  Liner," 
and  the  "Conventional  Liner"  are  plotted  in  Figures  202  through  205.  1 

Comparison  of  the  emission  data  in  these  figures  shows:  I 

°  The  CO  and  CxHy  emissions  were  all  below  the  concentration  J 

levels  of  the  ''Conventional  T63-A-5A  Liner"  but  above  the  I 

levels  of  the  "Extended- Length  Liner."  These  emissions  were  | 

also  below  the  "Extended- Length, Early-Quench  Liner"  levels.  j 

*  The  NQX  emissions  as  measured  with  NDIR  and  NDUV  instruments  j 

were  equal  to  or  lower  than  the  concentration  levels  of  the  j 

"Conventional  T63-A-5A  Liner"  at  low  power  levels,  but  they 
were  higher  at  75%  and  100%  power  points.  Compared  to  the  f 

"Extended- Length  Liner,"  the  N0X  was  lower;  but  for  the 
"Extended- Length,  Early-Quench,"  the  N0X  emissions  were  about  t 

the  same  based  on  NDIR  +  NDUV  data.  j 

0  The  smoke  data  comparison  in  Figure  205  reveals  a  marked 
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TABLE  LX  VI I.  COMPARISON  OF  T63  NO  MR  EXONERATIVE  EMISSION/COMBUSTOR 


PERFORMANCE  OF  (1)  CONVENTIONAL  COMBUSTOR,  (2)  EX¬ 
TENDED-LENGTH  COMBUSTOR,  (3)  EXTENDED-LENGTH,  DELAYED- 
QUENCH  COMBUSTOR 


I. 

Conventional  Liner 

Cycle  Point 

A. 

Emissions 

1 

6 

S 

4 

3 

2 

CO,  (ppm) 

893 

652 

496 

383 

214 

75 

H/C.  (ppm) 

100 

37 

15.8 

4.1 

0.7 

o.e 

N0X.  (On-Line,  NDIR  &  ®UV)  (ppm) 

17.0 

32.0 

41.1 

45.6 

58.0 

81.0 

N0x.  (On-Line,  CL)  (ppm) 

17.2 

23.4 

32.6 

40.7 

56.3 

80.6 

N0x,  (Saltzman)  (ppm) 

18.S 

27.8 

37.6 

45.9 

61.3 

90.6 

Smoke  Number 

3. 

7. 

12. 

17. 

25. 

30. 

B. 

Pressure  Loss  (\) 

*4.63 

4.51 

4.53 

4.44 

4.38 

4.14 

C. 

Temp.  Profile  (T  /T  ) 
r  1  aax'  avg' 

1.11S 

1.142 

1.120 

1.113 

1.104 

1.065 

—nr 

Extended-Length  Liner 

A. 

Emissions 

CO,  (ppm) 

495 

298 

185.5 

94.0 

38.6 

22.6 

H/C,  (ppm) 

9. 

15.8 

5.1 

1.0 

0.5 

0.4 

N0x,  (On-Line,  NDIR  &  NDUV)  (ppm) 

25.  „ 

33.0 

39.5 

56.5 

72.0 

119.  S 

N0x,  (On-Line,  CL)  (ppm) 

19.0 

26.  S 

35.0 

47.0 

68. 0 

113.3 

N0x,  (Saltzman)  (ppm) 

24.8 

38.3 

41.0 

56.0 

79.7 

123.9 

Smoke  Number 

1.72 

3.76 

3.28 

2.80 

4.20 

0.59 

B. 

Pressure  Loss  (t) 

5.10 

4.61 

5.09 

4.91 

4.74 

4.59 

C. 

Temp.  Profile  (TBax/T,vg) 

1.229 

1.210 

1.198 

1.171 

1.129 

1.188 

m. 

Extended-Length,  Delayed-Quench  Liner 

A. 

Emissions 

CO,  (PPm) 

587.4 

426.5 

281.3 

170.9 

97.2 

38.6 

H/C,  (PP**0 

55.0 

22.0 

7.2 

2.1 

.9 

.4 

N0x,  (On-Line,  NDIR  &  NDUV)  (ppm) 

23.5 

29.5 

37.0 

46.5 

67.5 

103.0 

NO  ,  (Saltzman)  (ppm) 

23.5 

34.4 

«« 

•  <■ 

as  m 

112.0 

Smoke  Number 

29.72 

41.62 

43.83 

51.10 

43.71 

40.31 

B. 

Pressure  Loss  (%) 

4.74 

4.55 

4. 85 

4.55 

4.54 

4.46 

C. 

Temp.  Profile  (T  /T  ) 

■ax  avg 

1.143 

1.174 

1.17) 

1.157 

1.229 

1.239 

I 


TABLE  UVIII.  COMPARISON  OF  T63  NONREGENERATIVE  EMISSION/COMBUSTOR 
PERFORMANCE  OF  (1)  EXTENDED-LENGTH,  DELAYED-QUENCH 
LINER,  (2)  EXTENDED-LENGTH,  CONVENTIONAL-QUENCH  LINER, 
AND  (3)  EXTENDED- LENGTH,  EARLY-QUENCH  LINER. 


I.  Extended-Length,Delayed-Queneh  Liner 
A.  Emissions 
CO,  (PP"0 
H/C,  (PP««) 


N0X,  (On-Line,  NDIR  &  NDUV)  (ppm) 
NO^,  (Saltzman)  (ppm) 


Smoke  Number 

B.  Pressure  Loss  (X) 

C.  Temp.  Profile  (T 


/W 


II.  Extended-Length  Liner 

A.  Emissions 
CO,  (PPm) 

H/C,  (PPm) 

NO^,  (On-Line,  NDIR  &  NDUV)  (ppm) 
N0x.  (On-Line,  CL)  (ppm) 

NO  ,  (Saltzman)  (ppm) 

Smoke  Number 
8.  Pressure  Loss  (X) 


C.  Temp.  Profile  (»„„/*  > 


III.  Extended-Lengthy  Early-Quench  Liner 

A.  Emissions 

CO,  (ppm) 

H/C,  (ppm) 

N0X,  (On-Line,  NDIR  &  NDUV)  (ppm) 
N0x, (Saltzman)  (ppm) 

Smoke  Number 

B.  Pressure  Loss  (X) 


C.  Temp.  Profile  (T  /T  ) 
'  max  avg' 


Carbon  Monoxide  -  PPM 
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1 
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Figure  202.  Nonregenerative  T53-A-5A  Combustor 

Carbon  Monoxide  Data  Comparison  for  Conventional 
Liner,  Extended-Length  Liner,  Early-Quench, 
Extended-Length  Liner,  Delayed-Quench,  Extended- 
Length  Liner. 
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Hydrocarbons  as  CaH 
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Figure  203.  Nonregenerativ*  T63-A-SA  Coebuator 

Hydrocarbon  Emission  Data  Comparison  for  Conventional 
Linar*  Extended-Length  Linar*  Earls*- Quench  Linar, 
Extended- Length ,Delayed- Quench  Liner. 


Oxides  of  Nitrogen  as  NO 
(On-Line,  NOIR  ♦  NDUV) 


Fercent  Output  iMwtpawf 

Figure  204.  Nonregenerative  T63-A-SA  Combustor 

Oxides  of  Nitrogen  Data  Comparison  for  Conventional 
Liner,  Extended  Length  Liner,  Early  Quench  Liner, 
Extended-Length,  Delayed-Quench  Liner. 
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xtended-Length,  Early- 
Queneh  Liner 
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Figure  20$. 


Nonregenera  tive  T63-A-SA  Combustor 
Smoke  Date  Comparison  for  Conventional  Liner, 
Lxtended-Length  Liner,  Early-Quench  Liner, 
Extended-Length,  Delayed-Quench  Liner. 
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increase  in  smoke/particulates,  higher  than  any  of  the  other 
three  liners.  The  "Early-Quench  Liner"  produced  less  smoke 
than  the  "Delayed- Quench  Liner, "  but  both  produced  signifi¬ 
cantly  more  smoke  than  the  "Extended-Length  Liner"  with  its 
standard  quench  primary. 

Using  the  emission  data  presented  in  Tables  LXVII  and  LXVII 
and  Figures  202  through  205,  an  emission  index  (El)  for  the 
selected  LOH  duty  cycle  was  calculated.  The  total  uuty  cycle  El 
for  the  "Extended- Length,  Delayed- Quench  Combustor  Liner"  was 
21.193  lb  emiss ions/1000  lb  fuel.  This  compares  with  32.945  lb/1000 
lb  fuel  for  the  "Conventional  Liner"  and  15.718  lb/1000  lb  fuel 
for  the  "Extended- Length  Liner."  tnerefore,  as  shown  in  Table  XLVI, 
the  total  emissions  from  the  "Ex tended- Length  Delayed-Quench  Com¬ 
bustor  Liner"  were  64%  of  the  emissions  from  the  "Conventional 
Liner."  Compared  to  the  "Extended-Length  Liner,"  the  effect  of 
delayed  quench  was  to  increase  the  total  emissions  from  48%  of 
baseline  to  64%,  which  is  a  relative  increase  of  33%. 

The  temperature  profile  Cfmix/tavg)  from  the  "Extended-Length, 

Delayed- Quench  Combustor  Liner"  was  worse  than  the  "Conventional 
Liner"  at  all  power  levels,  see  Figure  206.  It  had  a  better  tem¬ 
perature  profile  than  either  the  "Early* Quench  Liner"  or  the 
"Extended-Length,  Standard- Quench  Liner"  for  operating  conditions, 
up  to  55%  potter.  At  75%  and  100%  power  conditions,  its  temperature 
profile  was  the  worst  of  the  three  extended-length  combustors. 

The  average  measured  pressure  loss  of  the  "Ex tended* Length, Delayed- 
Quench  Combustor  Liner"  was  4.62%  for  the  six  data  points.  This 
compares  to  average  pressure  losses  of  4.44%  for  the  Ton vent ional 
Linar"  and  4.84%  for  the  "Ex tended- Length  Liner." 

Visual  examinations  of  the  combustor  liner  after  the  test  did  not 
reveal  any  apparent  damage. 

The  "Extended-Length,  Delayed-Quench  Liner"  gave  only  a  36%  reduction 
in  total  emissions  compared  to  the  "Conventional  T63-A-SA  Combustor 
Liner."  However, compared  to  the  "Extended-Length,3tandard-Quench 
Combustor  Linen,"  the  total  emissions  Increased  33%.  Thus,  when  also 
considering  the  emission  results  from  the  "Ex ttnded-Ler^th , Early- 
Quench  Combustor  Liner,"  moving  the  axial  looation  of  the  primary 
air  holes  either  upstream  (early-queneh)  or  downstream  (delayed* 
(piench)  Increased  the  total  emissions  from  the  combustor  and 
offered  no  performance  advantages. 

The  delayed- quench  approach  tested  for  the  T63  combustor  did  not 
improve  the  emissions,  and  its  inclusion  in  the  final  concept  is 
DBl  recommended. 

For  best  combustor  performance  the  axial  locations  of  the  primary 
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•ir  holes  should  be  kept  the  sane  as  they  are  In  the  "Conventional 
T63  Combustor  Liner." 

PREMIXZPREVAPQRIZATIQN  COMBUSTOR 

One  of  the  potential  concepts  selected  (based  upon  the  Task  2 
studies,  partial  results  from  Task  3,  and  data  from  a  GMC  company- 
sponsored  low- emission  combustor  program)  for  experimental  evalua¬ 
tion  was  the  "Extended-Length, Premix/Prevaporization  Combustor 
Liner."  This  concept  incorporates  the  following  features  to  reduce 
the  emissions: 

*  Premix/prevaporisation  tube  section  upstream  of  the  primary 
section  to  (a)  premix  the  fuel  and  primary  air  and  (b)  to 
pre vaporize  the  fuel  before  the  reaction  zone.  This  premix/ 
prevaporisation  feature  was  to  improve  combustion  zone 
homogeneity  and  to  avoid  fuel  droplet  burning. 

*  Convection  cooling  Instead  of  film  cooling  to  avoid  quenching 

of  the  CO,  C  H  and  C.  reactions  in  the  relatively  cold  film 
air.  y 

*  Sudden  expansion  for  flame  stabilisation. 

*  Lean  primary  zone  to  minimise  N0X  formation. 

*  Delayed  dilution  to  consume  the  CO,  C  H  ,  and  C  pollutants. 

-  *  y  - 

The  "Extended* Length, Premix/Prevaporization  Combustor  Liner"  was 
obtained  from  a  DDA,  GMC  company-sponsored  program.  The  liner  was 
designed  for  regenerative  gas  turbine  engine  applications.  The 
fabricated  liner  is  shown  in  Figure  207.  The  hole  pattern  and  si  sea 
are  compared  with  those  of  the  "Conventional  Liner"  in  Figure  208.  As 
illustrated  in  Figure  208,  both  liners  had  the  asm  exit  diameter  of 
6*21  inches.  The  length  of  the  "Extended-Length, Premix/Prevaporisatlon 
Combustor  Liner"  was  6.0  inches  longer  than  the  conventional  T63  liner. 

As  shown  in  Figure  208  the  total  length  of  the  primary  sone  plus 
the  dilution  sone  was  approximately  equal  to  that  for  the  Conventional 
and  Premix/Prevaporisatlon  Liners. 

Other  design  characteristics  of  the  Premix/Prevapot isation  Liner  as 
shown  in  Figures  207  and  208  were  the  following: 

*  A  double-wall  construction  was  used  to  provide  convection 
cooling  Instead  of  the  film  cooling  which  was  used  in  the 
conventional  liner. 

*  A  6- inch-long  prmmlx/pre vaporisation  tube  was  installed  upstream 
of  the  primary  section. 
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*  The  dilution  holes  were  modified  to  change  the  size,  number, 
and  axial  location.  The  main  feature,  in  regard  to  emission 
performance,  was  to  move  the  axial  location  2  inches  farther 
aft  to  increase  the  residence  time  for  CO,  CxHy,  and  C  con¬ 
sumption. 

*  The  calculated  airflow  to  the  primary  section  was  4096  as  com¬ 
pared  to  3896  in  the  Conventional  and  Extended-Length  Liners. 

Thus, the  equivalence  ratio  in  the  primary  of  0.73  was  slightly 
leaner  than  the  0.77  equivalence  ratio  in  the  T63  Conventional 
Liner. 

The  "Ex tended -Ler *th,  Premix/Prevaporization  Combustor  Liner"  was 
tested  with  JP-4  fuel  at: 

*  T63  nonregenera tive,  cycle  point  S  conditions.  As  tabulated 
in  Table  IV,  these  conditions  are:  2. S3  lb/sec  airflow  rate, 
397*f  inlet  air  tempera  hire,  b3.7  psia  inlet  air  pressure,  and 
0.0131  fuel/air  ratio. 

*  T63  nonregenerative,  cycle  point  S  conditions  except  the 
fuel/air  ratio  was  increased  to  Q.014S. 

*  T63  nonregenerative,  cycle  point  S  conditions  except  the 
fuel/air  ratio  was  increased  to  Q.018S. 

The  latter  two  conditions  were  investigated  because  of  the  high  €0 
and  CgHy  emissions  at  the  design  fuel/air  ratio.  This  data  at  the 
higher  fuel/air  ratio  would  provide  the  emission  performance  trade¬ 
off  data  required  to  assess  the  potential  of  the  premix/prevsporixa- 
tion  approach  if  the  liner  were  modified  to  change  the  primary/ 
dilution  airflow  split. 

Emission,  pressure  loss,  and  temperature  profile  for  the 
"Conventional  Liner, “  "Extended  Length  Liner"  and  "P remix /Pre¬ 
vapor  i  sat  ion  Liner"  are  compared  in  Table  LX IX.  As  shown  in  this 
Table  LXIX,  the  Premix/Prevsporlzstlon  Liner  had  much  higher  total 
emissions  than  either  of  the  other  liners  tt  the  design  fuel/air 
ratio.  The  CO  and  C,Hy  were  considerably  higher,  but  the  N0X  was 
lower.  This  would  indicate  a  very  lean  primary  tone,snd  it  was  de¬ 
cided  to  increase  the  primary  zone  fuel/air  ratio  to  establish  the 
emission  trade-off  performance;  i.e.,  allow  the  NO,  to  increase  to 
the  Conventional  Liner  value  and  determine  the  effect  on  CO  and 
CgKy,  These  testa  were  conducted  at  two  additional  fuel/air  ratios 
r f  0.014$  and  0.018$, and  the  results,  presented  in  Table  LXIX  and 
Figure  209  ,  show  that  substantial  reductions  were  achieved  in  CO 
end  C  My  with  only  moderate  Increases  in  NO,.  These  emission 
performance  t rede-off  comparisons  show  that  the  Promix/ Pre vapori¬ 
zation  emission  performance  is  better  than  that  of  the  Conventional 
Liner,  but  probably  not  sufficient  to  meet  the  contract  amission  goals 
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TABLE  LX IX.  COMPARISON  OF  T63  NONREGENERATIVE  Qi  ISS ION/ COMBUSTOR 
PERFORMANCE  AT  CYCLE  POINT  #5  (40%  POWER)  INLET 
CONDITIONS  OF  (1)  CONVENTIONAL  LINER,  (2)  EXTENDED- 
LENGTH  LINER,  AMU  (3)  PREMIX/PREVAPORIZATION  LINER 


I.  Conventional  Liner 

Overall  Fuel/Air  Ratio 

A.  Emissions 

_,3131 

,0145 

•  0185 

CO,  (ppm) 

496 

H/C,  (ppm) 

15.8 

N0x,  (On-Line,  NDIR  *.  NDUV)  (ppm) 

41.1 

N0x,  (On-Line,  CL)  (ppm) 

32.6 

NO^,  (Saltzman)  (ppm) 

37.6 

Smoke  Number 

12. 

B.  Pressure  Loss  (%) 

4.53 

C.  Temp.  Profile  (T  /T  ) 
v  max  avg' 

1.170 

II.  Extended  Length  Liner 

A.  Emissions 

CO,  (PPm) 

185.5 

H/C, (PPm) 

5.1 

N0x,  (On-Line,  NDIR  &  NDUV)  (ppm) 

39.5 

N°x»  (On-Line ,  CL)  (ppm) 

35,0 

N0X.  (Saltzmdei)  (ppn) 

41.0 

Smoke  Number 

3.28 

B.  Pressure  Loss  (>») 

5.09 

C.  Temp.  Profile  'T  /T  ) 

.max  avg' 

1.198 

III.  Premix/Prevaporizer,  Mod.  B-l  Liner 

A.  Emissions 

CO,  (PPm) 

1042.5 

404.2 

247.5 

H/C,  vPPm) 

600.0 

60.0 

14.4 

NO  t  (On-Line,  NDIR  &  NDUV)  (ppm) 

X* 

14.5 

18.0 

49,0 

N0x ,  (Saltzman)  (ppm) 

4.65 

14.3 

« 

Smoke  Number 

m 

B.  Pressure  Loss  (%) 

12.28 

13.67 

12.94 

C.  Temp.  Profile  (T^/T^) 

_  _ 

1.198 

1.135 

1.240 

4 
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Overall  Fuel/Air  Ratio 


Figure  209.  Exhaust  Emissions  at  T63  Nonregenerative,  Cycle 
Point  (40%  Power)  Combustor  Conditions  for 
"Conventional  Combustor"  and  "Extended-Length, 
Premtx/Prevaporization  Combustor  Liner". 
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with  the  specified  restraints  even  if  it  were  redesigned  to  change 
the  airflow  split. 

Using  the  emission  performance  trade-off  data,  as  presented  in 
Figure  209  ,  an  assessment  of  the  potential  emission  reduction  was 
calculated.  This  calculation  was  made  by  equating  the  N0X  from  the 
"Conventional  Liner"and  the"Premix/Prevaporization  Liner."  As  shown 
in  Figure  209,  this  occurs  at  a  fuei/air  ratio  of  approximately 
0.0178  in  the  "Premix/Prevaporization  Liner."  The  corresponding 
CxHy  and  CO  emissions  would  then  be  16.7  and  250  ppm  respectively 
for  the "Premix/Pre vaporization."  These  emissions  were  then  used  to 
calculate  the  emission  index  for  cycle  point  5. 

The  assessment  shows  that  the  "Premix/Prevaporization  Liner"  is  42% 
better  in  emission  performance  than  the  "Conventional  Liner."  How¬ 
ever,  the  "Extended- Length  Liner" (which  was  approximately  the  same 
length  as  the  "Premix/Prevaporization  Liner"),  demonstrated  lower 
emissions  than  the  "Premix/Pre vaporization  Liner."  The  only  change 
made  to  the  "Conventional  Liner"  to  obtain  the  "Extended-Lenvth 
Liner"  was  to  add  a  6  inch  cylindrical  section  upstream  of  the  dilu¬ 
tion  holes.  Many  more  extensive  changes  are  necessary  to  obtain  a 
"Premix/Prevaporization  Liner",  thus  increasing  the  development  and 
application  risks. 

PRECHAMBER  COMBUSTOR 

One  of  the  iow- emission  combustor  concepts  selected  during  the 
Task  3  experimental  studies  was  the  "Extended- Length,  Prechamber 
Combustor  Liner.*’  The  concept  was  based  upon  a  fuel  prevaporization 
approach  investigated  by  Hussmann  and  Maybach in  which  recircu¬ 
lated  combustion  gases  vaporized  the  fuel  from  the  surface  of  a 
fuel  film.  The  vaporized  fuel  was  then  mixed  with  inlet  air  and 
combustion  gases  prior  to  combustion.  A  combustor  based  upon  this 
fuel  vaporization  concept  was  designed,  fabricated,  and  pre¬ 
viously  tested  in  a  DDA,  CMC  gas  turbine  engine  program.  The 
combustor  was  loaned  to  this  program  to  evaluate  its  potential 
emission  performance  for  nonregenerative,  gas  turbine  engine 
combustors.  The  combustor  used  a  ring  of  tangential  fuel  jets 
which  spread  a  thin  film  of  fuel  on  the  inside  of  a  precombustion 
chamber  or  prechamber.  The  swirl  air  passing  through  the  pre¬ 
chamber  mixed  with  a  portion  of  the  hot  combustion  gases,  which  were 
transferred  upstream  in  the  swirl  vortex.  This  high-velocity, 
elevated "temperature  swirl  vaporized  the  fuel  at  the  gas-liquid 
interface  along  the  fuel  film.  The  vaporized  fuel-air  mixture  then 
expanded  out  into  a  large-diameter  reaction  zone,  in  which  the 
recirculation  was  stabilized  by  the  swirl  from  the  prechamber.  The 
combination  of  prevaporized/premixed  fuel  coupled  with  a  strong 
primary-zone  recirculation  from  the  prechamber  swirl  produced  a 
uniform  reaction  temperature  (no  hot  spots)  in  a  small  volume 
(low  residence  timey  which  kept  the  N0X  low.  Pre vaporizing  the 
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fuel  without  cracking  the  distillate  reduced  the  particulates.  The 

extended  length  added  between  the  reaction  zone  and  the  dilution 

holes  provided  longer  residence  times  at  intermediate  temperatures 

for  consuming  the  CO,  C  H  and  carbon  emissions. 

x  y 

The  modifications  made  to  the  conventional  liner  to  obtain  an 
"Extended-Length,  Prechamber  Liner"  as  shown  in  Figure  210  were; 

°  Replace  the  portion  of  the  conventional  T63  combustor  liner 
upstream  of  the  dilution  zone  cooling  annulus  with  all  new 
hardware.  The  principal  components  include: 

0  Primary  air  radial  swirler. 

°  Wall  fuel-film  injection  system. 

°  Wall  fuel-film  vaporizer  tube. 

°  Vaporizer  tube  centerbody. 

°  Constant-diameter  reaction  zone. 

°  Convection  cooling  shell  over  the  reaction  zone. 
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0  Replace  the  dilution  and  trim  holes  with  a  single  set  of 
dilution  holes  2.10  inches  from  the  end  of  the  liner. 

°  The  total  length  was  15.56  inches  compared  to  9.56  inches 
for  the  conventional  T63  liner. 

The  airflow  distributions  for  the  "Extended-Length,  Prechamber  Com¬ 
bustor  Liner"  are  itemized  below  for  the  two  versions  tested.  The 
initial  design  flowed  maximum  inlet  air  through  the  swirler.  The 
first  modification  (Mod.  "A")  used  a  larger  diameter  centerbody 
which  restricted  the  swirler  air  and  enriched  the  prechamber  and 
thus  the  reaction  zone. 

Reduced 

Initial  Design  Primary  Airflow 


Prechamber  Swirler 

27.2% 

17.0% 

Reaction-Zone  Holes 

6.9% 

7.8% 

Cooling  Step 

25.1% 

28.7% 

Dilution-Zone  Holes 

40.8% 

46.5% 

■MK  HMIlMLAini 

100.0% 

100.0% 
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Using  the  above- calculated  flow  splits,  the  reaction-zone  throughput 
equivalence  ratios  at  T63  maximum  power  were  1.08  for  the  initial 
design  and  1.72  for  the  reduced  primary  airflow  design.  These 
equivalence  ratios  compare  to  0.77  equivalence  ratio  for  the  conven¬ 
tional  T63-A-SA  combustor  liner  at  maximum  power  conditions.  A  com¬ 
parison  of  the  "Prechamber  Liner"  with  the  baseline  combustor  is 
shown  in  Figure  211,  and  a  photograph  of  the  "Prechamber  Liner" 
tested  is  shown  in  Figure  210. 

The  "Extended-Length,  Prechamber  Combustor  Lir.sr  was 
tested  at  the  conditions  presented  in  Table  IV.  The  tests  were 
conducted  at  steady-state  conditions,  in  the  DDA  Combustion  Research 
Laboratory,  using  JP-4  fuel. 

The  emission,  pressure-loss,  and  temperature-profile  results  for  the 
two  "Prechamber"  liners  are  summarized  and  compared  with  the 
"Conventional  T63-A-5A  Liner"  and  the  "Extended-Length  Liner"  in 
Tables  LXX  and  LXXI.  As  shown  in  the  tables, the  initial  "Prechamber 
Liner"  would  not  sustain  combustion  at  T63  idle  conditions,  and  no 
data  was  obtained  at  maximum  power  due  to  the  failure  of  the  center- 
body.  The  richer  primary-zone  "Prechamber  Liner"  suffered  a  fuel 
line  failure  et  maximum  power  conditions  which  terminated  the  test 
with  no  more  data  being  taken.  The  richer  reaction  zone  and 
resultingly  higher  temperature  coupled  with  the  high  differential 
pressure  across  the  liner  to  collapse  the  reaction  zone  dome 
and  then  to  fracture  the  fuel  supply  tube  weld  at  the  fuel 
manifold.  The  emission  data  obtained  from  the  two  tests  are 
plotted  in  Figures  212  through  215.  Comparison  of  these  data 
shows  the  following  results: 

0  Carbon  monoxide  emissions,  shown  in  Figure  212,  were  con¬ 
siderably  reduced  by  both  "Prechamber  Liners."  Concentra¬ 
tions  at  4096  and  5596  power  were  even  below  the  CO  concentra¬ 
tions  of  the  "Extended -Length  Liner." 

•  Hydrocarbon  emissions  in  Figure  213  exhibited  a  trend  similar 
to  the  CO  emissions.  From  a  relatively  high  concentration  at 
the  lowest  performance  condition,  concentrations  immediately 
reduced  to  values  below  5  ppm. 

•  The  "Prechamber  Liners"  produced  very  low  levels  of  NO*  at  all 
operating  conditions.  As  shown  in  Figure  214  ,  conventional 
T63  liner  idle  N0„  concentrations  were  not  reached  until  4096 
or  5596  power  conditions. 

•  The  CO  vs  N0X  data  show  that  the  "Prechamber  Liners"  provided 
a  significant  technology  improvement  in  the  reduction  of  both 
CO  and  NO*  at  several  operating  points. 
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Figur-v  211.  Hole  Pattern  and  Sise  Comparison  of  Liners 


TABLE  LXX.  COMPARISON  OF  T63  NONREGCNERATIVE  EMISSIONA»MBUHTOR 
PERFORMANCE  OF  (I)  CONVENTIONAL  COMBUSTOR,  (2)  EX¬ 
TENDED-LENGTH  COMBUSTOR,  AND  (3)  EXTENDED-LENGTH, 
PRECHAMBER  COMBUSTOR 


1.  Convention*!  Liner 

A. 

Emissions 

CO,  (PP«0 

H^C,  (PP«') 

mM,  (On-Line,  NDIR  4  *>UV)  (ppe) 
(On-Line,  CL)  (ppe) 

»x,  (SeltXL-jr.)  (ppe) 

Seoke  Number 

1. 

Pressure  Loss  (4) 

C. 

Teep.  Profile  (T.../T.wt) 

11.  Extended  Length  Liner 

A. 

Emissions 

CO,  (PP«) 

M/C, (PP-) 

N0X,  (On-Line,  MD1R  4  M)UV)(ppe) 
*®s,  CJn-Line,  a)  (ppe) 

N0x,  (Sslttesn)  (ppe) 

teoke  Riefcer  ! 

». 

Pressure  Lots  (%) 

C. 

Teep.  Profile  (Tees/Tsv*) 

CitiaM  Length,  PmctiwUr  Liner 
A.  Celts Iona 
CO,  (PP») 

M/C.(ppe) 

M0#,  (On-Line,  MB1R  4  »UV)  (ppm) 
(Beltmeft)  (ppm) 

S«*oke  feeber 
I.  Pressure  Lott  (\) 

C»  Iitp*  Pitlllt  (TiuAhi) 


Cycle  Point 


S 


496 


32.4  00.7 

37.4  44.9 


7.  12.  17.  24. 

4.43  4.41  4.43  4.44  4.3B 

1.114  1.142  1.120  1.113  1.104 


1.229  1.210  1.194  1.171 
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TABLE  LXXI.  COMPARISON  OF  T63  NONREGENERATIVE  EMISSIOR/CUMBUSTUR 
PERFORMANCE  OF  (I)  EXTENDED-LENGTH  COMBUSTOR,  (2) 
EXTENDED-LENGTH,  PRE CHAMBER  COMBUSTOR,  AND  (3)  EX- 
TEtOED-LENGTH,  PRECHAMBER  COMBUSTOR  WITH  RICH  PRIMARY 
ZONE 


1.  Extended  Length  Liner 

A.  Bel  salons 

CO,  (ppe) 

1/C, (ppe) 

■9^,  (Dn-Line,  M)IR  A  NDUVHppe) 
lOjj.  CSeltteen)  (ppe) 

•soke  Mosher 
I.  Pressure  Loss  (1) 

C.  Tesp.  Profile  (T^/T.^) 


II.  extended- Length  Prechseber  Liner 
A.  Bel  salons 
CO.  (w») 

VC.(w») 

«0m, (On-Line,  NOIR  A  «H1V)  (pp.) 
MDRa  (Seltaeen)  (ppe) 


Cycle  Point 


I.  Pressure  Loss  (K) 
C.  T«up.  Profile 


til.  Extended -tength  ,  Precheefcer  Liner  with 
Richer  Pries  ry  Bone 
A.  EelMlons 

CO,  (ppe) 

1/C. (PPe) 

H^.pJo-Line,  KU  i  WUV)(ppe) 
^.(Beltseen)  (ppe) 
leoke  Ateber 
I.  Pressure  Less  (K) 

C.  Teep.  Profile  (t_ ,^4-) 


Carbon  Honoxlde  -  PPM 


1000 


WAS 


IKNfHI 


10  20  30  <0  $0  60  70  So  90 

Ftreant  Output  Boraepcwsr 


Figure  212,  Nonregenerative  T63-A-SA  Co*bustor 

Carbon  Monoxide  Emission  Data  Coopariaon  for 
Ex  tended -Length* P re chamber- Wal l , Fuel-  Film 
Vaporisation  Combuetor  and  T63  Baseline 
Combustors. 
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Figure  213.  Honregenerative  T63-A-SA  Combustor 

Hydrocarbon  emission  Oats  Comparison  for  extended” 
Length, Prechamber4ta  11, Fuel* film  Vaporization 
Combustor  and  T63  Baseline  Combustors. 
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Figure  214.  Nonrogeneretiv*  T63-A-SA  Combustor 

Nitrogen  Oxide*  Deis* ion  Data  Comparison  for 
Ex tended “Length, Prechamber -Wall, Fuel -Film 
Vaporisation  Combustor  and  T63  Baseline 
Combustors. 
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Figure  21S. 


Nonregen* native  T63-A-SA  Combustor 
Saoka  Data  Comparison  for  £xtended-Length, 
Pr* chamber- Wall, Fuel -Film  Vaporisation 
Co*  bus  tor  and  T63  Baseline  Combustors . 


*  The  most  significant  data  are  the  smoke  data  given  in 

Figure  21S.  As  shown  by  these  jurves,  smoke  was  zero  for 
all  operating  conditions  at  which  the  combustors  were  operated. 

The  temperature  profiles  fro*1  the  "Extended-Length, 

Prechamber  Combustor  Liners"  were  quite  good  for  most  of  the  operating 
conditions,  as  shown  in  Figure  216.  The  initial  design  "Prechamber 
Liner"  produced  a  very  consistent  profile.  A  significant  fact  to 
remember,  however,  is  the  excessively  high  pressure  loss  experienced 
by  these  combustors  since  they  were  operating  at  conditions  consider¬ 
ably  beyond  their  design  points. 

The  measured  pressure  losses  of  the  "Extended-Length, Prechamber 
Combustor  Liners"  were  nominally  22.63$  for  the  initial  design  and 
23.46$  for  the  richer  primarv-zone  design.  These  excessive  pressure 
losses  make  the  "Prechamber  Combustor  Liners"  impractical  as  de¬ 
signed.  Resizing  the  swiriar  and  all  primary  and  dilution  holes  for 
lower  pressure  loss  is  required  to  give  this  combustor  concept  appli¬ 
cation  as  a  gas  turbine  combustor. 

Using  the  emission  data  presented  in  the  Tables  LXX  and  LXXI 
and  Figures  212  through  215,  the  emissions  index  (El)  values  for 
the  selected  LOH  duty  cycle  were  calculated.  The  total  El  tor  the 
"Extended-Length,  Prechamber  Combustor  Liners"  required  extrapolation 
of  the  actual  data  to  thos»e  conditions  for  which  emissions  data  were 
not  obtained.  For  the  initial  design  "Prechamber  Liner",  this 
required  extrapolation  to  both  idle  and  maximum  power  T63  conditions. 
The  idle  CO  and  CxHy  concentrations  used  were  equal  to  conventional 
liner  concentrations  for  CO  and  above  conventional  liner  concentra¬ 
tions  for  CxHy.  The  H0X  level  was  maintained  at  approximately  the 
25$  power  concentration.  At  maxiaum  power,  CO, and  C*Hy  were 
maintained  at  concentrations  near  those  at  75$  power,  and  N0X  was 
extrapolated  to  a  concentration  nearly  double  the  75$  power  N0X 
level.  For  the  richer  primary-zone  version, the  extrapolations  for 
maximum  power  resulted  in  s  CO  concentration  equal  to  that  of  the 
conventional  liner, and  CxHy  wss  held  at  the  75$  power  level.  The 
H0X  was  extrapolated  to  a  concentration  above  the  conventional  N0X 
level  at  maximum  power,  even  though  the  N0X  concentration  of  the 
prechamber  was  below  the  conventional  at  7*%  power.  Smoke/ 
particulates  for  all  extrapolated  points  were  assumed  to  be  zero. 

vising  the  actual  and  extrapolated  emission  data  resulted  in  a  calcu¬ 
lated  total  E!  of  15.517  lb/1000  lb  fuel  for  the  initial 
"Prechamber  Liner"  and  10,641  lb/lO^O  lb  fuel  for  the  richer  primary 
zone  version  (Hod.  "A").  Therefore,  as  shown  in  Table  XLV1, 
the  total  emissions  from  the  two  ‘extended- Length, Prechamber  Combus¬ 
tor  Liner"  were  41$  and  32$  of  ’  \t  emissions  from  the  "Conventional 
T63  Liner"  and  met  this  portion  of  the  contract  objectives.  As  also 
shown  in  Table  XLVI,  each  constituent  emission  was  reduced,  and  no  con¬ 
stituent  increased  above  the  "Conventional  T63  Liner"  emission  levels 
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Temperature  Profile 


Figure  216.  Nonregenerative  T63-A-5A  Combustor 

Temperature  Profile  Data  Comparison  for 
Extended-Length, Prechamber-Wall? Fuel- 
Film  Vaporization  Combustor  and  T63  Baseline 
Combustors . 
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Visual  examination  of  the  cocthustor  liners  after  the  tests  revealed 
that  damage  had  occurred  to  each.  In  the  initial  design  liner,  the 
high  pressure  differential  at  maximum  power  fractured  the  tack  welds 
holding  the  center! »dy,  causing  it  to  be  carried  downstream  and  lodge 
against  the  exhaust  instrumentation  section  of  the  test  rig.  The 
richer  primary-zone  configuration  experienced  a  collapsing  of  the 
reaction-zone  dome. 

The  movement  of  the  vaporization  tube  assembly  aft  was  restrained 
by  only  the  fuel  line,  which  ultimately  fractured  at  the 
fuel- line  fuel-manifold  weld.  Raw  fuel  was  carried  through  the 
swirler  (two  blades  were  destroyed)  and  onto  the  larger  centerbody. 
The  burning  fuel  melted  the  centerbody,  destroying  it,  and  melted 
a  sizable  hole  through  the  '*aporizer  tube.  These  failures  termi¬ 
nated  any  further  testing  of  these  liners. 

The  "Extended-Length  Prechamber,  Combustor  Liners”  gave  reductions 
of  59%  and  68%  compared  to  the  "Conventional  T63-A-SA  Combustor 
Liner."  Therefore,  the  ”50%  minimum  reduction  of  total  emissions” 
objective  for  the  contract  was  met.  The  second  objective,  "no 
constituent  emission  increase",  was  also  satisfied.  Significant 
reductions  in  all  individual  emissions  were  obtained.  The  most  out¬ 
standing  feature  of  this  combustor  concept  was  the  elimination  of 
smoke  (particulates)  at  all  operating  conditions  tested.  Tempera¬ 
ture  profile  was  also  very  good,  especially  in  the  initial  design 
"Prechamber  Liner.” 

The  worst  feature  of  the  "Extended-Length, Prechamber  Combustor 
Liners"  was  the  exceptionally  high  pressure  loss  experienced  when 
the  combustors  were  operated  at  the  T63  combustor  conditions.  These 
combustors  were  designed  for  a  much  lower  airflow  and  inlet  pres¬ 
sure,  but  they  were  tested  at  T63  conditions  because  of  their 
availability  from  another  combustor  program. 

Because  of  the  high  reduction  in  both  total  and  individual  emissions, 
it  was  recommended  that  the  "Extended-Length,  Prechamber  Combustor 
Liner"  concept  be  included  as  one  of  the  final  concepts  to  accom¬ 
plish  the  contract  objectives. 

OPTIMUM  PRIMARY  COMBUSTOR 

One  of  the  low  emission  concepts  selected  during  the  Task  3  experi¬ 
mental  studies  was  the  "Extended-Length,  Optimum  Primary-Holes 
Combustor  Liner".  The  concept  is  to  replace  the  existing  twelve - 
hole  primary  hole  pattern  with  a  symmetric  six-hole  pattern  pro¬ 
viding  the  same  primary-zone  air  addition.  It  was  anticipated  that 
a  fewer  number  of  larger  jets  of  air  would  increase  the  primary 
zone  mixing  and  recirculation, thus  reducing  emissions  by  attaining 
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more  uniform  combustion.  The  "Extended-Length,  Optimum  Primary-  | 
Holes  Combustor  Liner"  incorporated  the  following  features  to  reduce  jl 
emissions:  § 

Six  equally  spaced  primary  air  holes  to  evaluate  the  effect  % 
of  the  primary  air  hole  pattern  on  combustor  performance  and  ? 
emissions.  4 


°  Extended  length  to  allow  additional  residence  time  to  react 
the  CO,  (^Hy,  and  particulates.  Previous  reaction  kinetics 
studies  and* experiments  in  Task  2  had  shown  that  the  extended 
length  would  significantly  reduce  CO  and  (^Hy  emissions  with 
a  small  increase  in  N0X  emissions. 

The  modifications  made  to  the  conventional  liner  to  obtain  an 
"Extended-Length ,  Optimum  Primary-Holes  Liner"  as  shown  in 
Figure  217  were: 


1.  Add  constant-diameter,  6-inch- long  section  between  the  I 

primary  holes  and  the  film  coolant  step.  | 

*<: 

•It 

2.  Close  original  row  of  primary  holes.  3 


3.  Add  new  row  of  six  0.750-inch-diameter  primary  holes  in  the 
same  axial  location  as  on  the  conventional  T63  liner. 

The  hole  patterns  and  sizes  for  the  "Extended-Length,  Optimum 
Primary -Holes  Liner,"  and  "Conventional  Liner,"  are  shown  in 
Figure  218.  Both  liners  had  the  same  airflow  area  split  as. 


tabulated  below; 

Dome  Holes . - .  11.8% 

First  Cooling  Step  . 11.2% 

Primary  Holes  . 26.3% 

Second  Cooling  Step  . 11.2% 

Trim  Holes  .  15.2% 

Dilution  Holes  . 24.2% 


99.9% 


A 

.  & 


.1 


1 

5 


With  the  above-calculated  flow  splits,  the  primary-zone  equivalence 
ratio  at  T63  maximum  power  is  0.77. 

■Hj 

•J 

The  "Extended-Length,  Optimum  Primary-Holes  Liner”  was  tested  in  J 
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*relim  inary  Low-Emission,  Ex tended- Length 
'Optimum”  Primary-Holes  Combustor  Liner. 


the  T63  combustor  rig  at  the  nonregenerative  T63  combustor  condi¬ 
tions  tabulated  in  Table  IV.  The  tests  were  conducted  at  steady- 
state  conditions  using  JP-4  fuel.  The  emission,  pressure-loss,  and 
temperature-profile  results  are  summarized  and  compared  with  the 
"Conventional  T63-A-SA  Liner"  and  the  "Extended-Length  Liner"  in 
Table  LXXII.  All  three  liners  were  tested  with  the  conventional 
T63  pressure  atomizing  fuel  injector  and  JP-4  fuel. 

Carbon  monoxide,  hydrocarbon,  oxides  of  nitrogen, and  smoke  emission 
results  for  the  "Extended-Length,  Optimum  Primary-Holes  Liner,"  the 
"Extended-Length  Liner", and  "Conventional  Liner"  are  plotted  in 
Figures  219  through  222.  Comparison  of  the  emission  data  in  these  » 
figures  shows: 

0  The  CO  emissions  shown  in  Figure  219  were  significantly 
below  the  "Conventional  T63-A-5A  Liner"  concentrations  and 
slightly  below  the  "Extended-Length  Liner"  levels. 

0  A  significant  improvement  was  made  by  the  "Extended-Length, 

Optimum  Primary-Holes  Liner"  in  further  reducing  the  hydro¬ 
carbon  emissions  below  the  low  concentrations  already  achieved 
by  the  "Extended- Length  Liner."  As  seen  in  Figure  220, the 
hydrocarbons  were  more  than  a  factor  of  three  lower  than  the 
concentrations  from  the  "Conventional  T63-A-5A  Liner." 

®  The  N0X  emissions  plotted  in  Figure  221  were  higher  than  the 
concentrations  for  the  "Conventional  T63-A-SA  Liner,"  re¬ 
maining  almost  equal  to  the  "Extended- Length  Liner"  at  each 
operating  condition. 

*  The  level  of  smoke/particulates  was  only  half  of  the  level 
from  the  "Conventional  T63-A-5A  Liner,"  although  these  emis¬ 
sions  increased  above  those  measured  from  the  "Extended-Length 
Liner. " 

Using  the  emission  data  presented  in  Table  LXXII  and  Figures  219 
through  222,  an  emission  index  (  El  )  for  the  selected  LOH  duty 
cycle  was  calculated.  The  total  duty  cycle  El  for  the  "Extended- 
Length,  Optimum  Primary- Holes  Combustor  Liner"  was  14.459 
lb/1000  lb  fuel.  This  compares  with  32.946  lb/1000  lb 
fuel  for  the  "Conventional  Liner"  and  15.718  lb/1000  lb  fuel  for 
the  "Extended -Length  Liner."  Therefore,  as  shown  in  Table  XLVI, 
the  total  emissions  from  the  "Extended-Length,  Optimum  Primary- 
Holes  Combustor  Liner"  were  44%  of  the  emissions  from  the  "Conven¬ 
tional  Liner."  Compared  to  the  "Extended-Length  Liner,"  the  effect 
of  the  six-hole  primary  pattern  was  to  decrease  the  total  emissions 
from  48%  of  baseline  to  44%,  which  is  a  relative  decrease  of  8%. 

The  temperature  profile  (Tmax^Tavg)  from  the  "Extended-Length, 

Optimum  Primary-Holes  Combustor  Liner"  was  worse  than  from  the 
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TABLE  LXXII.  COMPARISON  OF  T63  NONREGENERATIVE  EMISSION/COMBUSTOR 
PERFORMANCE  OF  (1)  CONVENTIONAL  COMBUSTOR,  (2)  EX¬ 
TENDED-LENGTH  COMBUSTOR,  AND  (3)  EXTEfBED-LENGTH, 
OPTIMUM  PRIMARY-ZONE  COMBUSTOR 


I.  Conventional  Liner 

A.  Emissions 


CO,  (ppm) 

H/C,(ppm) 

HO  ,  (On-Line,  NDIR  &  NDUV)  (ppm) 
NO^,  (On-Line,  CL)  (ppm) 

N0x,  (Saltzman)  (ppm) 

Smoke  Number 


B.  Pressure  Loss  (X) 

C.  Temp.  Profile  (T 


'  /\  ) 
max  avg' 


Tl.  Extended-Length  Liner 
A.  Emissions 
CO,  (ppm) 

H/C,(ppm) 

N0x, (On-Line,  NDIR  &  WUV)  (ppm) 
N0x,  (On-Line,  CL)  (ppm) 

N0x,  (Saltzman)  (ppm) 

Smoke  Number 
B-  Pressure  Loss  (X) 

C.  Temp.  Profile  (Tm,/Tavg) 

III.  Extended-Length,  Optimum  Primary-Zone 
Wnet. 

A.  Emission* 

CO,  (ppm) 

H/C,  (ppm) 

N0X,  (On-Line,  NDIR  &  W)UV)(ppm) 
N0X,  (Saltzman)  (ppm) 

Smoke  Number 
8.  Pressure  Loss  (X) 

C.  Temp.  Profile  (Tml)/Tavg; 


Cycle  Point 


1.72  3.76 
S.10  4.61 
1.229  1.210 


482.7  278.6 


33.7 
0.00  0.00 
S,0S  $.28 
1.192  1.177 


13.06  14.03 


I 


Carbon  Monoxide  -  PPM 


1000 


Conventional  Liner  _ 
I  I 


.Extended-Length » 
Optimum  Primary  Zone 


—  ^ 

\h 


Ex  tended -Length 
Liner 


■ni 

mwMi 


0  10  20  30  10  50  60  70  60  90 

Percent  Output  Horsepower 


Figure  219.  Nonrogenerative  T63-A-SA  Combustor 

Carbon  Monoxide  Cmiaaion  Data  Comparison  for 
Extended- Length |  Optimum  Primary-Air  Hole 
Pattern  and  T63  Baseline  Combustors. 


2 
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Figure  221.  Nonregenera tive  T63-A-SA  Combustor 

Nitrogen  Oxides  Emission  Oats  Comparison  for 
Extended-Length.  Optimum  Primary-Air  Hole 
Pattern-Design  #1S  and  T63  Baseline  Combustors. 
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Figure  222.  Nonregene rati ve  T63-A-SA  Comb ua tor 

Smoke  Data  Comparison  for  Extended-Length, 
Optimum  Primary-Air  Hole  Pattern-Design  #1S 
and  T63  Baaeline  Combuatora. 
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"Conventional  Liner"  at  all  power  levels;  see  Figure  223.  It:  had 
slightly  better  temperature  profile  than  the  "Extended-Length  Liner" 
for  all  operating  conditions  except  33%  and  7356  power. 

The  average  measured  pressure  loss  of  the  "Ex tended- Length,  Optimum 
Primary Holes  Combustor  Liner"  was  4.93%  for  the  six  data  points. 

This  compares  to  average  pressure  losses  of  4.44%  for  the  "Conven¬ 
tional  Liner"  and  4.84%  for  the  "Extended. Length  Liner." 

Visual  examinations  of  the  combustor  liner  after  the  test  did  not 
reveal  any  apparent  damage. 

The  "Ex tended- Length,  Optimum  Primary-Holes  Combustor  Liner"  gave 
a  Sb%  reduction  in  total  emissions  compared  to  the  "Conventional 
T63-A-SA  Combustor  Liner."  Compared  to  the  "Extended-Length  Combus¬ 
tor  Liner"  the  total  emissions  decreased  8%.  Thus,  when  also  consid¬ 
ering  the  emission  results  from  the  "Extended-Length  Combustor 
Liner 'V changing  the  number  of  primary  air  holes  from  twelve  to  six 
may  not  detrimentally  affect  the  combustor’s  performance  or  emission 
production.  The  six-hole  pattern  effected  lower  CxHy,  higher  par¬ 
ticulates,  and  no  significant  change  in  CO  and  N0X- 

The  six-hole  primary-air  injection  approach  did  not  significantly 
reduce  the  total  emissions  below  the  levels  attained  by  the  conven¬ 
tional  twelve-hole  approach.  It  is  therefore  recommended  that  since 
the  aix-hole  primary  air  has  almost  no  effect  on  CO  and  NQX,  which  are 
the  major  contributors  to  the  total  emissions  in  the  T63  combustor, 
the  change  from  twelve  to  six  primary  holes  not  to  be  incorporated  into 
the  final  design. 
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Figure  223.  Nonregene4*tive  T$3-A-SA  Combustor 

Temperature  Profile  Data  Comparison  for  Extended 
Length,  Optimum  Primary-Air  Hole  Pattern  • 
Design  #1S  and  T63  baseline  Combustors. 


APPENDIX  III 

DESIGN  AND  EXPERIMENTAL  RESULTS  OF  THE  FINAL, 
PRECHAMBER,  LOW-EMISSION  COMBUSTORS _ 


Two  final  combustor  configurations  were  selected  from  the  test  re¬ 
sults  of  the  seventeen  preliminary  combustors  evaluated  during  the 
first  part  of  Task  3.  These  two  final  combustors  were  identified 
as  theTinal  Prechamber  Combustor  Liner^and  the'Tinal  Modified  Con¬ 
ventional  Combustor  Liner.*'  Reported  in  this  appendix  is  the  "Final 
Prechamber  Combustor  Liner.” 

DESIGN 

Two  of  the  preliminary  low*emission  combustor  concepts  which  showed 
substantial  emission  reductions  were  the"Rich  Premix/Swirl  Combustor 
Liner”  and  the  "Prechamber  Combustor  Liner".  Both  of  these  combustors 
utilized  a  premix  cup  with  a  swirl  dome,  a  sudden  expansion  into  the 
reaction  zone,  convection  cooling  of  the  reaction  zone,  extended 
overall  length,  and  delayed  dilution.  One  fundamental  difference 
between  these  two  preliminary  liners  was  the  rrcthod  of  fuel 
injection.  The*ftich  Premix/Swirl  Combustor"used  a  conventional  T63 
pressure  atomizing  fuel  injector,  centrally  located  in  the  swirler 
dc.ae  of  the  premix  cup.  The  *Preehamber  CombustoP*  injected  the 
liquid  fuel  on  the  inside  wall  of  the  premix  cup  or  vaporizer  tube 
and  relied  upon  the  high-velocity  swirl  air  to  vaporize  the  fuel 
off  the  wall. 

Being  quite  similar  in  several  respects,  these  two  premix  cup  pre¬ 
liminary  combustors  were  combined  into  a  single  final  design  com¬ 
bustor  called  the'Tinal  Prechamber  Combustor  Liner" .As  can  be  seen 
in  the  photograph  in  Figure  22M,  both  the  pressure  atomizer  and  the 
wall  fuel  film  injection  methods  were  incorporated  into  the  premix 
cup  or  vaporizer  tub*  dome  end  ol  the  liner.  The  overall  length  of 
the  Final  Prechamber  was  reduced  from  the  preliminary  combustor 
lengths  to  be  only  f  inches  longer  than  the  conventional  Tf>3 
combustor.  This  reduction  in  length  wts  obtaineo  by  reducing  the 
combustor  length  between  the  reaction-zone  row  of  holes  and  the 
dilution  row  of  holes.  The  react  iotv  zone  litter  diameter  was  increased 
from  3.30  inches  to  6.3b  inches  to  provide  more  combustion  volume  and 
to  increase  the  inlet  air  velocity  between  the  liner  ami  the  outer 
combustor  case  to  create  a  convection  cooling  region  along  the 
liner  reaction  zone.  Delayed  dilution  was  retained  for  consumption 
of  the  carbon  monoxide,  hydrocarbons,  and  particulates. 

A  number  of  minor  and  major  modifications  on  the  "Final  Prechamber 
Combustor"were  made  in  attempts  to  further  reduce  emissions  and 
improve  combustor  performance.  These  modi f i cat  ions  are  summarized 
in  Table  LXXIII.  The  first  rework  of  the  "Final  Prechamber"  was  to 
re*x>v?  1.30  inches  of  axial  length  from  the  vaporizer  tube  and  cu  add 
1.30  inches  downstream  of  the  dilution  holes,  see  Figure  223.  It 
was  intended  that  the  reduction  in  the  vaporizer  tube  length  would 
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Figure  224.  Final  Low-Emission  Prechamber  Combustor  Liner 
Initial  Configuration. 


TABLE  LXXIII.  FINAL  DESIGN  PRECHAMBER  COMBUSTORS 
DESIGN  SUMMARY 


Design  Parameter 

Initial 

Design 

Mod. 

"A” 

Mod. 

"B" 

Mod. 

"C" 

Mod. 

"D" 

Hole  Sizes  (inches) 

Fuel  Film  Injector  (16) 

.013 

.013 

.021* 

.021 

.021 

Reaction  Zone  (12) 

.360 

.360 

.297* 

Closed* 

Closed 

Dilution  Zone  (6) 

1.344 

1.344 

1.310* 

1.310 

1.310 

Lengths  (inches) 

Overall 

12.670 

12.670 

12.670 

12.670 

12.670 

Vaporizer  Tube 

4.445 

2.945* 

4.500* 

4.500 

4.500 

Vaporizer  Tube- 

Reaction  Holes 

1.500 

1.500 

1.400* 

1.400 

1.400 

Reaction  Holes- 

Dilution  Holes 

3.730 

3.730 

3.730 

3.730 

3.730 
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Figure  225-  Final  Low-Emission  Prechamber  Combustor  Liner 
Modification  "A”. 


allow  more  combustion  gases  to  be  pumped  up  the  swirl  vortex  and  be 
mixed  with  the  swirler  air.  The  increased  vaporizer  tube  recircula¬ 
tion  would  then  raise  the  aiij/combustion-gas  mixture  temperature 
and  provide  better  fuel  vaporization  of  the  wall  fuel  film.  The 
added  length  downstream  of  the  dilution  zone  was  to  allow  additional 
volume  prior  to  the  combustor  exit  for  improvement  of  the  exhaust 
temperature  profile. 

Modification  "B",  as  indicated  in  Table  LXXIII,  was  a  complete 
redesign  and  refabrication  of  the  swirler/wall  fuel  film  injector/ 
vaporizer  tube  section  as  well  as  readjustment  of  the  flow  splits 
among  the  swirler,  reaction  zone,  and  dilution  zone.  External  and 
internal  photographs  of  Modification  ’’B’’  are  presented  in  Figures 
226  and  227.  Design  changes  from  the  initial  design  to  this  design 
were  intended  to  improve  the  vaporization  and  premixing  of  the  fuel 
and  air  prior  to  their  expansion  into  the  reaction  zone.  It  was 
apparent  from  the  Modification  "A"  test  results  that  the  added  liner 
length  downstream  of  the  dilution  holes  did  not  result  in  an  im¬ 
proved  exhaust  temperature  profile.  Uniform  combustion  in  the 
primary  zone  generally  resulted  in  a  reasonable  exhaust  temperature 
profile. 

The  specific  design  differences  in  Modification  "B”  were  the 
following: 

1.  The  vaporizer  tube  swirler  throughput  airflow  was  increased 
from  1556  to  22.5%  of  the  total  flow  to  provide  more  swirl 
air  for  fuel  vaporization.  This  increase  in  swirler  air 
and  adjustment  in  the  reaction  zone  hole  sizes  also  reduced 
the  reaction  zone  equivalence  ratio  back  to  unity  at  takeoff- 
power  combustor  operating  conditions. 

2.  The  vaporizer  tube  cross-sectional  area  to  swirler  annular 
area  ratio  was  increased  from  1.59  to  1.81  to  provide  more 
area  for  the  swirl  vortex  to  bring  hot  reaction  products 
upstream  to  the  fuel  film  for  fuel  vaporization.  Both  the 
increased  swirler  airflow  and  the  larger  area  ratio  pro¬ 
duced  more  fuel  vaporization  surface  area  per  unit  length 
than  was  available  in  the  initial  ''Prechamber  LinerV. 

3.  The  vaporization  tube  length- to  diameter  ratio  was  reset  to 
a  value  about  midway  between  the  initial  design  and  Modifi¬ 
cation  "A".  These  changes  collectively  increased  the 
vaporizer  tube  surface  area  by  25%,  thus  providing  more  sur¬ 
face  area  for  fuel  vaporization  and  mixing  prior  to  entering 
the  reaction  zone. 

4.  Airflow  through  the  reaction-zone  holes  was  adjusted  to  25% 
of  the  swirler  airflow.  The  dilution  zone  holes  were  trimmed 
slightly  to  maintain  the  desired  liner  flow  splits. 
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Figure  226.  Final  Low- Emission  Prechamber  Combustor  Liner 
Modification  "B"  External  View. 


Figure  227.  Final  Low-Emission  Prechambev  Combustor  Liner, 
Modification  "B",  Internal  View. 
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5. 


The  wall  fuel  film  injection  hole  sizes  were  increased  from 
sixteen  0.013-inoh-diameter  holes  to  sixteen  0.021- inch- diam¬ 
eter  holes,  which  reduced  the  injector  pressure  loss  and  re¬ 
duced  the  turbulence  of  the  fuel,  film  at  the  injector  orifices. 

The  "Final  Prechamber  Combustor"  was  operated  on  both  wall  fuel  film 
injection  and  on  the  centerpoint  pressure  atomizer  during  the  testing 
of  the  initial  design  and  the  first  two  modifications.  The  last  two 
combustor  modifications  were  operated  only  on  wall  fuel  film  injec¬ 
tion.  All  of  the  modifications  to  the  "Final  Prechamber  Combustor" 
liner  were  attempts  to  improve  the  performance  of  the  wall  fuel  film 
injection  operating  mode  of  the  combustor.  The  pressure  atomizer  was 
operated  as  a  backup  system  and  thus  did  not  receive  any  specific 
design  attention. 

The  fourth  version  of  the  "Final  Prechamber  Combustor  Liner",  Modifi¬ 
cation  "C",  was  a  simple  rework  of  Modification  "B",  viz.5  that  of 
closing  all  twelve  of  the  reaction  zone  holes.  It  was  intended  that, 
by  eliminating  the  penetrating  air  jets  into  the  reaction  zone,  the 
swirl  in  that  region  would  not  be  dissipated.  The  reaction-zone 
swirl  would  increase  the  mass  transfer  of  reaction  products  through 
the  swir!  vortex  into  the  vaporization  tube.  An  external  photograph 
of  Modification  "C"  can  be  seen  in  Figure  228.  This  version  was 
tested  only  with  the  wall  fuel  film  injection  system. 

The  last  modification  to  the  "Final  Preohamber  Combustor  Liner", 
Modification  "C",  was  the  installation  of  a  centerbody  at  the  swirler 
end  of  the  vaporizer  tub.  This  was  a  change  to  more  closely  repeat 
the  design  of  the  preliminary  prechamber  combustor  liner.  An  internal 
photograph  of  this  version  showing  the  centerbody  is  given  in  Figure  229. 

TEST  RESULTS 

The  testing  procedure  followed  for  the  final  combustor  configurations 
is  shown  in  the  schematic  in  Figure  230.  The  two  final  configurations, 
"Modified  Conventional"  and  "Prechamber",  were  fabricated  and  instru¬ 
mented  with  skin  thermocouples.  Each  was  tested  at  T63  nonregenerative 
conditions  and  lean  blowout  was  determined.  After  the  data  were  ana¬ 
lyzed  and  the  duty-cycle  emission  index  values  were  computed,  the 
liners  were  either  modified  and  the  nonregenerative  tests  rerun  or  the 
final  modifications  were  tested  at  T63  regenerative  conditions, 
ambient  startup  conditions,  and  a  set  of  parametric  conditions.  The 
final  set  of  tests  was  performed  on  Modification  "B"  of  both  final 
design  configurations. 

Emission  and  combustor  performance  data  were  recorded  at  each  of 
the  six  T63  nonregenerative  operating  conditions  for  all  three 
modifications  of  the  "Final  Prechamber  Combustor  Liner"  that  were 
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Figure  230.  Program  Plan  for  Testing  Final  Combustors. 


.^■k ..  . . 


operated  with  the  conventional  T63  centerpoint  pressure  atomizer 
fuel  nozzle  and  for  all  five  versions  that  were  operated  on  wall 
fuel  film  injection.  The  last  two  combustor  versions  were  wall  fuel 
film  injection  tests  conducted  only  at  non regenerative  conditions. 
These  tests  were  final  attempts  to  improve  the  wall  film  vaporiza¬ 
tion  system. 

The  additional  instrumentation  for  the  final  combustor  tests  was  the 
set  of  skin  thermocouples  located  as  shown  in  Figure  231.  Data 
from  these  thermocouples  were  recorded  for  the  Initial  Design  and 
for  Modifications  "A"  and  "B"  only. 

The  following  sections  present  the  data  acquisition  system 
printouts,  emission  data  (CxHy,  CO,  N0X,  and  smoke  number),  exhaust 
temperature  profile  (Tm3x/Tavgi»  and  skin  thermocouple  temperatures 
for  the  "Final  Prechamber  Combustor  Liners". 

Initial  Design 

The  test  data  results  for  the  "Final  Prechamber  Initial  Design",  are 
given  in  Figures  232  through  238  for  wall  fuel  film  operation  and 
Figures  239  through  245  for  pressure  atomizer  operation.  The 
chemiluminescent  nitrogen  oxide  measuring  instrument  was  not  used 
during  these  tests.  The  emission  pressure-loss,  and  temperature- 
profile  results  are  summarized  ir.  Table  LXXIV.  As  can  be  seen  from 
these  tabulations,  the  "Prechamber"  pressure  losses  were  1%  -  2% 
higher  than  those  of  the  "Conventional  Liner". 

The  emission  data  from  Table  LXXIV  are  plotted  in  Figures  246 
through  250.  As  can  be  seen  in  Figure  246,  hydrocarbon  emissions 
were  nearly  eliminated  in  both  fuel  system  modes  of  the  "Prechamber 
Liner"-  Shown  in  each  emissions  concentration  plot  are  data  from  the 
Conventional  T03-A-5A  combustor,  the  "Extended  Length,  Preliminary 
Combustor" (which  was  a  conventional  combustor  with  a  6-inch  cylindrical 
extension  between  the  primary  and  dilution  holes),  and  the  "Prechamber 
Liners" operating  under  each  fuel  mode.  Carbon  monoxide  emissions 
are  given  in  Figure  247  and  show  the  effect  of  the  rich  reaction 
zone  operation.  The  pressure  atomizing  fuel  mode  in  the  "Prechamber 
Liner"has  a  definitely  increasing  CO  trend  with  the  increasing  over¬ 
all  fuel-air  ratios.  Nitrogen  oxide  concentrations  were  generally 
lower  than  for  the  Conventional  Liner,  see  Figure  248.  The  pres¬ 
sure  atomizer  mode  of  the  "Prechamber  produced  a  significant  increase 
in  N0X  at  maximum  power.  The  wall  fuel  film  "Prechamber"  exhibited  a 
smaller  N0X  increase  at  higher  power  levels  than  did  the  Conventional 
liner.  Figure  249  is  a  plot  of  CO  concentrations  vs  N0X  concentra¬ 
tions  and  amplifies  how  differently  the  pressure  atomizing  "Prechamber 
Liner" produces  these  emissions  than  the  Conventional,  lean-designed 
liners.  Smoke  number  values  are  plotted  in  Figure  250.  Even 
though  the  "Prechamber  Liner"  produced  very  little  smoke  at  the  low 
power  points,  it  was  much  more  sensitive  than  the  Conventional  type 
liners  at  the  higher  operating  conditions. 
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Figure  23i.  Final  Prechamber  Combustor  Skin  Thermocouple  Locations. 
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Figure  23,1.  Final  Precha6#ber  Liner  Initial  Design  on  Wall  Fuel 
Injection  at  Nonregenera t i ve  10X  Power. 
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T63  COMBUSTOR  EXPERIMENTS  -  RIG  B/U  43,  T£8T  SERIES  St,  REAGING  *  GIS 
T  63  FINAL  OtSIGN  -  PRECMAMfiEB  LINEN  •  RUNNING  ON  MALL  FILN  VAPORIZER 
TEST  OATtl  6-14-72  READING  MAS  TAKEN  AT  169H19  HOURS 

CTCLE  POINT  6  29  X  PONER  SETTING 
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Figure  233.  Final  Frechaaber  Liner  Initial  Design  on  Mill  Fuel 
Inlection  at  Nonregenera r i ve  2SX  Power. 
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T63  COMBUSTOR  EXPERIMENTS  -  RIG  B/U  43,  TEST  SERIES  51,  READING  «  655 

T  63  FINAL  DESIGN  -  PRECNAM&FR  LINER  •  RUNNING  ON  WALL  FILM  VAPORIZER 
TEST  OATH  6-14-72  READING  WAS  TAKEN  aT  1730116  HOURS 

CYCLE  POINT  5  46  *  POWER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  air  FLO*  2.548  LB/SEC  AVG  BURNER  INLET  TEMP  396,  DEG  F 

AVG  Burner  inlet  pres  63.6  PSXA  AVG  BURNER  OUTLET  TEMP  1293,  DEG  F 

AVG  BURNER  CELT*  P  7,38  "MG  PRESSURE  L08S  3,86  X 

OVERALL  F/a  RATIO  ,01300  (f /M)  FUEL  FLOW  RATE  119,23  LB/HR 

AIR  LCAO  FACTOR  1.1731  PATTERN  FACTOR  ,28937 

BOT  HOT  SPOT  I  *  37  »  1532,  DEG  F  MAX  BOT  /  / 7G  BOT  1,2064 

FUEL  INLET  TEMPERATURE  136,  DEG  F  FUEL  INLET  PRESSURE  93,0  PSIA 

HEAT  LOADING  PARAMETER  ,36342E*07  BTl'/HOUR/ ATM/CUBIC  FOOT 

****  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 

ID  TEPP  ID  TEMP  ID  TEMP  ID  TEMP  10  TEMP  IQ  TEMP  ID  TEHP 
ANNULUS  1  2  J 3ie.  6  1451,  15  1491.  19  1207,  24  933,  27  1262,  36  1342, 

ANNULUS  S  4  1290,  7  1391.  16  1461,  21  964.  23  939.  34  1537,  37  1332, 

ANNULUS  3  5  1327,  14  1289,  17  1£74,  22  921,  26  1009,  35  1484,  39  1459, 

LEFT  SIDE  ***  AIR  INLET  TUBE  CONDITIONS  ***  RIGHT  SIDE 

TOTAL  PRESSURE  63.36  PSIA  . OT AL  PRESSURE  63,64  PSIA 

STATIC  PRESSURE  63.17  PSIA  STATIC  PRESSURE  63.34  P8IA 

VELOCITY  DELTA  P  ,81  "HG  VELOCITY  DELTA  P  ,61  "HG 

AIR  TEMPERATURE  398,  OEG  F  AIR  TEMPERATURE  396,  DCS  F 

AIR  VELOCITY  133,77  FT/SEC  AIR  VELOCITY  117,99  FT/SEC 

DIFFERENTIAL  PRESSURE!  t (LEFT  P-TOTALI-fRIGHT  P-TQTAD)  -.161  "HG 

AIR  PLOW  DATA!  P-REFI  104,4  PSIA  DELTA  P*  2,92  "HG  T-REF*  73,  DEG  F 

fuel  system  datai 

fuel  F/M  FREQUENCY  438,  HZ  VOLUMETRIC  FLOW  RATE  19,17  GAL/MR 

FUEL  PRESSURE  AT  F/M  137,9  PSIA  FUEL  TEMP  AT  F/H  88,  OEG  F 

**  MISCELLANEOUS  TRANSDUCER  READINGS  *• 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  59,88  P3IA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  82.36  PSIA  (XOUCER  8  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  7,50  "HO  (XOUCER  8  13) 

*  CHEMICAL  ANALYSIS  RESULTS  * 

GAS  SAMPLES  TAKEN  IN  PLANE  81 

C02  2,600  X  02  17,500  X  CO  194,1  PPM  CNX  ,0  PPM 

NO  18,3  PPM  N02  13,3  PPM  NOX  31,6  PPM  (NO(NOIR)  ♦  N02(NDUV)J 

NO  .0  PPM  N02  .0  PPM  NOX  ,0  PPM  (  CHEMi LUMINESCENCE  ) 

EMISSIONS  INDEX,  LB/1W00  LB  FUEL  I  CO*  14,63  CHX*  ,00 

CHEMILUMINESCENCE  NOX*  ,00,  NDIR  ♦  NDUV  NOX*  3,91 

CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,012423 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  99,6437  X 
CHECK  ON  F/A  RATIO-  F/A  •  ,012304  W/0  02,  CALCULATED  02  »  17,363  X 

SMOKE  INDEX!  IBS 

saltzman  NOX  *  $2'S  £•!.»  4,02 


Figure  234.  Final  Prechamber  Liner  Initial  Design  on  Wall  Fuel 
Injection  at  Nonregenerative  40%  Power. 
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T63  COMBUSTOR  E*PEP I *ENT3  -  RIG  B/U  43,  TEST  SERIES  31,  READING  *  61? 

T  63  FINAL.  DESIGN  -  PRECHAMBER  LINER  •  RUNNING  ON  WALL  FILM  YAP0RI2ER 
TEST  DA  IE  1  6-14-72  READING  WAS  TAKEN  AT  1804137  HOURS 


cycle  point 


55  X  POWER  SETTING 


BURNER  AIR  FLOW  2.778  LB/SkC 

AVG  BURNER  INLET  PRES  71,2  PSIA 
AVG  BURNER  CELT*  P  8.42  .  *HG 
OVERALL  F/A  RATIO  .01441  (F/M) 

AIR  LOAD  FACTOR  1.1648 

SOT  HOT  SPOT  I  A  37  «  1739,  DEG  F 
FUEL  INLtT  TEMPERATURE  133,  DEG  F 
MEAT  LOADING  PARAHETER  ,39265E*0? 


EXPERIMENTAL  CONDITIONS  ***** 

778  LB/SEC  AVG  BURNER  INLET  TEMP  431,  DEG  F 

1,2  PSIA  AVG  BURNER  OUTLET  TEMP  1385,  DEG  F 

.42  "HG  PRESSURE  LOSS  5,81  X 

441  (F/P )  FUEL  FLOW  RATE  144,17  LB/HR 

648  PATTERN  FACTOR  ,37153 

39,  DEG  F  MAX  BOT  /  AVG  BQT  1,2550 

33,  DEG  F  FUEL  INLET  PRESSURE  114,3  PSIA 

«39265E*0?  BTU/HQUR/ATM/CU8IC  FOOT 


•*«*  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 

ID  TEMP  10  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  1  2  1397,  6  1605,  15  1462,  19  1322,  24  1035.  27  1336.  30  1692, 

ANNULUS  2  4  1324,  7  1638.  16  1475,  21  1067,  25  1022,  34  1856,  37  1739, 

ANNULUS  3  5  1288.  14  1307.  17  1434,  22  990,  26  1070,  35  1591.  39  1630, 


LEFT  SIDE 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURfc 
AIR  VELOCITY 


***  AIR  INLET  TUBE  CONDITIONS  *** 


71,13  PSIA 
70.72  PSIA 
,83  "MG 
431,  DEG  F 
133.05  FT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRESSURE  !  t  (LEFT  P-TOTAL)- (RIGHT  P-TOTAL)) 


RIGHT  SIDE 
71,23  PSIA 
70, SI  PSIA 
,05  "HG 

431,  DEG  F 
134,56  FT/SEC 
-.193  "HG 


AIR  FLOW  DATA:  P-REF*  104,1  PSIA  DELTA  ¥•  3,51  "HG  T-REP*  7?,  DEG  F 


fuel  system  datai 

Fuel  F/M  FREQUENCY  530. 

FUEL  PRESSURE  AT  F/M  148,7 


VOLUMETRIC  FLOW  RATe  23,20  GAL/HR 
FUEL  TEMP  AT  F/M  89.  OEG  F 


**  miscellaneous  transducer  readings  m 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  67,08  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  70,03  PSIA  (XDUCER  «  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  8,32  "HG  (XDUCER  *  13) 

*  CHEMICAL  ANALYSIS  RESULTS  • 

GAS  SAMPLES  TAKEN  IN  PLANE  Ml 


CQ2 

2,725  X 

02 

17.400  X 

CO 

179,2 

PPM 

CHX  ,5  PPM 

NO 

20,1  PPM 

N02 

14,7  PPM 

NOX 

42,6 

PPM 

(NO (NDIR)  *  NO2CN0UV)] 

NO 

,0  PPM 

NQ2 

.0  PPM 

NOX 

.0 

PPM 

(  chemiluminescence  ) 

EMISSIONS  INDEX,  LB/1000  LB  FUEL  I  CO*  12,19  CHX*  ,06 

CHEMILUMINESCENCE  N^x*  ,00,  NDIR  *  NDUV  NOX*  4,70 

CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSI8I  ,012909 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  99,0740  X 
CHECK  ON  F/a  RATIO-  F/A  •  ,013067  M/0  02,  CALCULATED  02  •  17,119  X 

SMOKE  INOEXI  /0<4l 

N0»  .  4p  j . ,»  B-t*  4.SS 


Figure  235.  Final  Prechamber  Liner  Initial  Design  on  Wall  Fuel 
Injection  at  Nonregenerative  55%  Power. 
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T 63  COMBUSTOR  EXPERIMENTS  -  RIG  B/U  43,  TEST  SERIES  51,  READING  N  688 
T  63  FINAL  DESIGN  -  PRECHAMSER  LINER  -  RUNNING  ON  WALL  FILM  VAPORIZER 
TEST  DATE:  6-14*72  READING  WAS  TAKEN  AT  1842128  HOUR! 

CYCLE  POINT  3  75  %  POWER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  FLUw  2.94ft  LB/SEC  A  VP  BURNER  INLET  TEMP  473.  DEG  P 

AVG  BURNER  INLET  PRES  80,2  PSIA  AVG  BURNER  OUTLET  TEMP  1563,  DEG  P 

AvU  BURNER  DELTA  P  8,60  »hG  PRESSURE  LOSS  $.27  X 

OVERALL  F/A  RATIO  .01675  (F/M)  FUEL  PLOW  RATE  177,26  LB/MR 

AIR  LOAD  FACTOR  1,1193  PATTERN  FACTOR  ,32388 

HOT  HOT  SPOT!  *  34  «  1918.  DEG  P  MAX  BOT  /  AVG  BOT  1,2259 

FUEL  INLET  TEMPERATURE  145.  OEG  F  FUEL  INLET  PRESSURE  145,7  PSIA 

HEAT  LOADING  PARAMETER  .42B50E+07  BTU/HOL'R/ATH/CUBIC  POQT 

**•*  BURNER  OUTLET  TEMPERATURE  SURVEV  *•** 

ID  TEMP  10  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  1  2  1636.  6  1775.  15  1720,  19  1468,  24  1HB.  27  1455,  36  1875, 

annuLUS  2  4  1461.  7  1825.  16  1736,  21  H75.  25  1095,  34  1918,  37  1903. 

ANNULUS  3  5  1499.  14  1528.  17  1665,  22  1065,  26  1159,  35  1665.  3S  ISIS. 

LEFT  SIDE  ***  AIR  INLET  TUBE  CONDITIONS  ••*  RIGHT  SIOE 

TOTAL  PRESSURE  80.16  PSIA  TOTAL  PRESSURE  89,24  PSIA 

STATIC  PRESSURE  79,71  PSIA  STATIC  PRESSURE  79.78  R8IA 

VELOCITY  DELTA  P  ,92  "HG  VELOCITY  DELTA  P  ,93  "MG 

AIR  TEMPERATURE  473,  OEG  P  AIR  TEMPERATURE  473.  DEG  P 

AIR  VELOCITY  134.41  FT/SEC  AIR  VELOCITY  135,47  PT/SeC 

DIFFERENTIAL  PRESSURE  I  t  (LEFT  P*TOTAL)» (RIGHT  P-TOTAL))  -.ISO  "HG 

AIR  FLOW  DAT  A I  P-REF*  103,5  PSIA  DELTA  P*  3,99  "HG  T-REP*  80,  DEG  P 

FUEL  SYSTEM  DATAl 

FUEL  F/M  FREQUENCY  654.  HZ  VOLUMETRIC  FLOW  RATE  80,55  GAL/HR 

FUEL  PRESSURE  AT  F/M  172,4  PSIA  FUEL  TEMP  AT  P/M  90,  DEG  F 

••  MISCELLANEOUS  TRANSDUCER  READ  <GS  ** 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  75,97  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  70.70  P0IA  (XDUCIR  *  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  6,52  "HQ  (XDUCIR  «  13) 

•  CHEMICAL  ANALYSIS  RESULTS  * 

GAS  SAMPLES  TAKEN  IN  PLANE  *1 


CO? 

2.801  X 

02 

17,200  X 

CO 

166,8 

FFM 

CHX  1,1  FFM 

NO 

32,3  PPM 

N02 

18,7  PPM 

NOX 

91.1 

FFM 

(NO(NOIR)  *  N08CNDUV)) 

NO 

,0  PPM 

N02 

.0  PPM 

NPX 

.0 

PPM 

(  CHEMILUMINESCENCE  ] 

EMISSIONS  INDEX,  LB/1000  LQ  FUEL  *  CO*  9,79  CMX*  ,11 

CHEMILUMINESCENCE  NOX*  .00,  NDIR  *  NOUV  NOX*  4,01 


CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALVSXSl  ,013365 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALTSISl  90,6984  X 
CHECK  ON  F/A  RATIO-  F/A  «  ,01343*  M/0  08,  CALCULATED  08  >  17.004  X 


SMOKE  INOEXi  26-03 

SALTZHAN  NOX  •  SZJ 


ffm  £.r. *  froz 


Figure  236.  Final  Prechamber  Liner  Initial  Design  on  Wall  Fuel 
Injection  at  Nonregenerative  75%  Power. 


TS3  COMBUSTOR  EXPERIMENTS  -  PIS  B/U  43,  TEST  SERIES  51,  READING  ft  6Sr 
T  M3  PINAL  DESIGN  -  PRECHAHBER  LINER  -  RUNNING  ON  WALL  FILM  VAPORIZER 
TEST  DATE!  6-14-7?  READING  WAS  TAKEN  AT  1990130  HOURS 


CYCLE  POINT  2 


109  X  POWER  SETTING 


*****  EXPERIMENTAL  CONDITIONS  ***** 


BURNER  AIR  FLOW  3,154  LB/SEC 
AVG  BURNER  INLET  PRES  92,7  PSIA 
AVG  BURNER  DELTA  P  8,96  "HG 
OVERALL  F/A  RATIO  ,01972  (F/M) 

air  load  factor  1,0675 

BOT  HOT  SPOT t  W  34  ■  21B9,  DEG  F 
FUEL  INLET  TEMPERATURE  159,  DEG  F 
HEAT  LOADING  FaRAMETER  .46821E+07 


AVG  BURNER  INLET  TEMP  525, 
AVG  BURNER  OUTLET  TEMP  1700, 


PRESSURE  LOSS 
FUEL  FLOW  RATE 
PATTERN  FACTOR 
MAX  BOT  /  -AVG  BOT 
FUEL  INLET  PRESSURE 
BTU/HOUR /ATM/CUBIC  FOOT 


OEG  F 
DEG  F 
X 


4,75 
223,00  L8/HR 
.31513 
1,2226 
197,9  PSIA 


ANNULUS  1 
ANNULUS  2 
ANNULUS  3 

LEFT  SIDE 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


****  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 

ID  TEMP  ID  TEMP  ID  TEMP  10  TEMP  ID  TEMP  10  TEMP  10  TEMP 

2  1*99.  6  1936.  15  1926.  19  1745,  24  1296,  27  1636.  36  2173, 

4  1692.  7  2078,  16  2037.  21  1369,  25  1252.  34  2169,  37  2104, 

5  1792.  14  1813.  17  1985,  22  1260.  26  1302,  35  2196,  39  2020, 


***  AIR  INLET  TUBE  CONDITIONS  •** 


92.69 

92.22 

.97 

526. 


PSIA 
PSIA 
"MG 
OEG  F 


132,11  FT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIP  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRESSURE!  I  (LEFT  P-TOTAL)- (RIGHT  P-TOTAL)) 


RIGHT  SIDE 
92,79  PSIA 
92,29  PSIA 
1,99  "HG 

525.  DEG  f 
140,31  PT/SIC 
•.165  "HG 


AIR  FLOW  DATA!  F -REF  *  103,0  PSIA  DELTA  P*  4,63  "HG  .  T-REP*  01,  OEG  P 
Ft  EL  SYSTEM  DATA! 

Full  F/M  FREQUENCY  831,  HZ  VOLUMETRIC  FLOW  RATE  36,11  GAL/HR 

FU_L  PRESSURE  AT  F/M  268,5  PSIA  FUEL  TEMP  AT  F/M  02,  OEG  F 

«•  MISCELLANEOUS  TRANSDUCER  READINGS  ** 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  86.34  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  91,31  PSIA  (XDUCER  ft  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  9,67  "HG  (XDUCER  ft  13) 


•  CHEMICAL  ANALYSIS  RESULTS  • 
GAS  SAMPLES  TAKEN  IN  PLANE  ftl 


C02  3,313 

X 

02  16,500 

X 

CO 

116,2 

PPM 

CHX 

1.0  PPM 

NO  69,6 

PPM 

NU2  25.3 

PPM 

NOX 

94,9 

PPM 

(NO (NDIR) 

♦  N02 (NDUV) ] 

NO  ,0 

PPM 

N02  .0 

PPM 

NOX 

.2 

PPM 

(  CHEMILUMINESCENCE  ) 

EMISSIONS 

INQIX 

,  LB/1000  LB 

FUEL! 

CO* 

6,81 

CHX*  ,01 

CHEMILUMINESCENCE  NOX*  ,06i  NDIR  *  NDUV  NOX»  7,79 


CALCULATED  FLEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,113723 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  99,7931  X 
CHECK  ON  F/A  RATIO-  P/A  ■  ,015815  W/0  02,  CALCULATED  02  •  19,374  I 

SMOKE  INDEX!  Gf'29 

9M.TZMN  NOX  •  .8/./. _  PPM  £  •  J.  ^ 

REMARKS!  H  fc>«S  J  “  O 

Figure  237.  Final  Prechamber  Liner  Initial  Design  on  Wall  Fuel 
Injection  at  Nonregenerative  10096  Power. 
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T63  COMBUSTOR  EXPERIMENTS  "  RIS  B/U  43»  TEST  SF*JES  51*  REAOING  *  691 

T  63  FINAL  DESIGN  -  PRECHAMBER  LINER  -  RUNNING  ON  WALL  FILM  VAPORIZER 


TEST  DATE:  6-U-72 
CYCLE  POINT  1 


bUKNfcR  AIR  FLU* 

AVG  BUkNtR  INLET  PfifcS  43,0 
AVG  BURNER  DELTA  P  4,81 
OVERALL  F/ A  RATIO  .00655 
AIR  LOAD  FACTO  1,1400 
EOT  HOT  SFoU  A  36  ■  909 , 
'Utt  INLET  TEMPERATURE  117, 


*  EXPERIMENTAL 
1,861  LB/SFC 
PSIA 
"HG 
(F/M) 


deg 

DEG 


READING  WAS  TAKEN  AT  1993112  HOURS 
10  X  POWER  SETTING 


CONDITIONS  ***** 

AVG  BURNER  INLET  TEMP 
AVG  BURNER  OUTLET  TEMP 
PRESSURE  LOSS 
FUEL  PLOW  RATE 
PATTERN  FACTOR 
MAX  B0r  /  AVG  BOT 
FUEL  INLET  PRESSURE 


299.  DEG  F 
72S ,  DEG  F 
3,26  X 
43.66  L8/HR 
.42399 
1.2495 

47  a  B  PSIA 


HEAT  LOADING  PARAMETER  , 1 8908E+P 7  BTU/HOUR/ATM/CUBIC  FOOT 


ID 

TFMP 

ID 

TEMP  ID 

TEMP  IQ 

TEMP  ID 

TEMP  ID 

TEMP 

10 

TEMP 

4NNIJLUS 

1 

2 

792. 

6 

785.  15 

758.  19 

616,  24 

624.  27 

775, 

36 

909, 

ANNULUS 

2 

4 

,734, 

7 

767.  16 

723.  2i 

607,  25 

625,  34 

616 

37 

•  69, 

ANNULUS 

3 

S' 

673. 

14 

703.  17 

650.  22 

5B9,  26 

641.  35 

621. 

39 

602. 

LEFT  SIDE 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


••«  AIR  INLET  TUBE 


44.97 

44.70 

.55 

299. 

125.82 


PSIA 
PSIA 
»HG 
DEG  F 
FT/SEC 


CONDITIONS  *** 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 
-{RIGHT  P- TOTAL)] 


UlFFERtNTIAL  PRESSURE  I  {(LEFT  P-TOTAL) 

AIR  FLOW  DATA!  P-REF*  105. S  PSIA  DELTA  P*  1,55  "HG 


RIGHT  SIDE 
44,97  PSIA 
44,73  PSIA 
.80  "HG 

300,  DEG  F 
119,68  FT/SEC 
-.001  "HG 

T-REF*  #1.  OEG  P 


PUtL  SYSTEM  DATA! 

FUEL  P/M  FRFQUENCY  182,  HZ 
FUEL  PRESSURE  AT  F/M  150,3  PSIA 


VOLUMETRIC  PLOW  RATE 
FUEL  TEMP  AT  P/M 


7.07  GAL/HR 
91,  DEG  P 


**  MISCELLANEOUS  TRANSDUCER  READINGS  ** 

MANIFOLD  AVpRAGE  BURNER  OUTLET  TOTAL  PRESSURE  42,61  PSIA 

COMBUSTOR  OUTER  case  STATIC  PRESSURE  44,32  PSIA  (XOUCIR  *  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  4,01  "HG  (XOUCER  *  13) 


SMOKE  INDEX t  X 
3ALTZMAN  NOX  •* 


PPM 


REMARKS!  .  . 

S+aU*.  ^0'©tOo*Jc 

U*>0  ojk  f/A=  .  0061 


Figure  238.  Final  Prechamber  Liner  Initial  Design  on  Wall  Fuel 
Injection  at  Nonregenerative  Lean  Blow  Out. 
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T6J  COMBUSTOR  EXPERIMENTS  -  RIG  B/U  43,  TEST  SERItS  52,  REDOING  *  780 

T  S3  FINAL  DESIGN  -  PRfcCH*M0£R  LINER  •  RUNNING  ON  PRESSURE  ATOMIZER 
TEST  DATE  I  6-15*72  READING  NAS  TAKEN  AT  1813140  HOURS 

CYCLE  POINT  1  18  X  POKER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  FLU*  1.859  LB/SEC  AVG  BURNER  INLET  T£M*  298,  DEG  P 

AVG  BURNER  InLET  PRES  45,2  PSIA  AVG  BURNER  OUTLET  TEFP  1089,  OEG  F 

AVG  BURNER  DELTA  P  3,63  "HG  PRESSURE  LOSS  5.11  X 

OVERALL  F/A  RATIO  .81878  (F/M)  FUEL  PLOW  RATE  72,14  LB/HR 

AIR  LOAD  FACTOR  1,1317  PATTERN  FACTOR  ,2l3l0 

HOT  HOT  SPOT!  *  36  ■  1223.  DEG  F  H AX  BOT  /  AVG  BOT  1.1940 

FUEL  INLET  TEMPERATURE  133,  DEG  F  FUEL  INLET  PRESSURE  188,1  PSJA 

NEAT  LOADING  PARAMETER  ,3094lE*07  BTU/HOUR/ATM/CUBIC  FOOT 

•*••  BURNER  GUTLET  TEMPERATURE  SURVEY  ***• 

ID  TEMP  10  TEMP  JO  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  1  2  1070,  6  1189,  19  1111,  19  999.  24  998.  27  1183,  36  1223, 

ANNULUS  2  4  987.  7  1089.  16  1124,  21  983,  29  947,  34  1188,  37  1218, 

ANNULUS  3  9  959.  14  997,  17  1832,  22  899,  26  972,  35  1091,  39  1217, 

LEFT  SIDE  **•  AIR  INLET  TUBE  CONDITIONS  **•  RIGHT  9I0C 

TOTAL  PRESSURE  45,19  PSIA  TOTAL  PRESSURE  45.22  PSIA 

STATIC  PRESSURE  44,91  PSIA  STATIC  PRESSURE  49,83  PSIA 

VELOCITY  DELTA  P  ,33  "HG  VELOCITY  DELTA  P  ,38  "HG 

AIR  TEMPERATURE  298.  OEG  P  AIR  TEMPERATURE  298,  OEG  F 

AIR  VELOCITY  129,31  FT/SEC  AIR  VELOCITY  184,39  FT/SEC 

DIFFERENTIAL  PRESSURE  I  ((LEFT  P-TOTAD-  (RIGHT  P-TOTALJ)  -,861  "HG 

AIR  FLOW  OAT  A I  P-REF*  109,2  PSIA  DELTA  P*  1,58  "MG  T-REF*  90,  DEG  P 

FUEL  3Y5TEM  DATA  I 

TUEL  F/M  FREQUENCY  268,  HZ  VOLUMETRIC  PLOW  RATE  11,60  GAL/HR 

FUEL  PRESSURE  AT  P/M  289,0  PSIA  FUEL  TEMP  AT  P/M  90,  DEC  f 

**  MISCELLANEOUS  TRANSDUCER  READINGS  ** 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  42,44  P«XA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  44.98  PlIA  (XDUCER  0  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  9,99  "NG  (XOUCER  0  13) 

*  CHEMICAL  ANALYSIS  RESULTS  • 

GAS  SAMPLES  TAKEN  IN  PLANE  01 


C02 

1.961  X 

02 

18,100  X 

CO 

74,6 

PPM 

CHX  ,4  PPM 

NO 

9,8  PPM 

N02 

4,8  PPM 

NOX 

14,7 

PPM 

(NO(NDIR)  *  N02 (NOUV) ) 

NO 

,8  PPM 

N02 

,0  PPM 

NOX 

PPM 

(  CHEMX LUMINESCENCE  ) 

EMISSIONS  INDEX,  LB/1000  LB  FUEL!  CO*  6,78  CHX*  ,19 

CHEMILUMINESCENCE  NOX*  , 10 i  NDXR  *  NDUV  NOX*  2,11 

CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYtXBl  ,889811 

CALCULATED  COMBUST  JON  EFFICIENCY  PROM  CHEMICAL  ANALYSIll  99,8894  | 

CHECK  ON  F/A  RATIO-  F/A  •  .889428  W/O  02,  CALCULATED  02  ■  11,283  I 

•HOKE  INOCXt  X 

8ALTZMAN  NOX  •  PPM 


Figure  239.  Final  Prechamber  Liner  Initial  Design  on  Pressure 
Atomizer  Injection  at  Nonregenerative  1096  Power. 


T63  COMBUSTOR  FXPEWIHENTS  -  RIG  8/U  43,  TEST  SERIES  52,  REJOINS  #  895 

T  63  FINAL  DESIGN  -  PRtCHAMflER  LINER  -  RUNNING  ON  PRESSURE  ATOMIZE* 

TEST  DATE  I  6-J5-72  READING  NAS  TAKEN  AT  1919S3X  HOURS 

CYCLE  POINT  6  25  X  POMER  SETTING 

*****  experimental  conditions  ***** 

HURNEK  air  FLOR  2.266  L«/SEC  AVG  BURNER  INLET  TEHP  353,  DEG  f 

A VG  BURNER  INLET  PRES  S4.2  PSIA  AVG  BURNER  OUTLET  TEMP  1193,  OEG  F 

AVG  BURNER  DELTA  P  7,16  "MG  PRESSURE  LOSS  6,49  X 

OVERALL  F/A  RATIO  .1*1210  (F/M)  FUEL  FLON  RATE  98,66  LB/HR 

AIR  LO AO  FACTOR  1.1929  PATTERN  FACTOR  ,16264 

PO  T  HOT  SPOT  I  4  36  ■  1346.  DEG  F  max  &OT  /  AVG  BOT  1,1265 

FUEL  INLET  TEMPERATURE  116.  DIG  F  FUEL  INLET  PRESSURE  234,7  PSIA 

MEAT  LUADlNG  PARAMETER  ,35317E*07  BTU/HQUR/ATM/CUBIC  FOOT 

****  BUNNtR  OUTLET  TEMPERATURE  SURVEY  *>>« 

ID  TENP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  1  2  lid.  6  1305,  15  1240,  19  1171,  24  1072,  27  1343,  36  1346. 

ANNULUS  2  4  1133.  7  1277,  16  1237,  21  1016,  25  1067,  34  1276,  37  1335. 

4NNULUS  3  5  1036.  14  1126,  17  1196,  22  996.  26  1091,  35  1267,  39  1303, 

LEFT  SIDE  »*•  AIR  INLET  TUBE  CONDITIONS  **•  RIGHT  SIDE 

TOTAL  PRtSSURE  54.13  PSIA  TOTAL  PRESSURE  54,19  PSIA 

STATIC  PRESSURE  53,59  PSIA  STATIC  PRESSURE  S3, 60  PIIA 

VELOCITY  DELTA  P  1,10  "MG  VELOCITY  DELTA  P  ,79  "HG 

AIR  TEMPERATURE  333.  DEG  P  AIR  TEMPERATURE  354,  DEG  F 

AIR  VELOCITY  167,71  FVSFC  AIR  VELOCITY  142,17  FT/SEC 

DIFFERENTIAL  PRESSURE  1  t (LEFT  P-T  TAL)-(RSGHT  P*TOTAL))  -.167  "MG 

AIR  FLOW  DAT  A I  R.KEF*  104.8  PSIA  OILTA  P*  2,36  "HG  T-REF*  94,  DEC  F 

fuel  system  oatai 

fuel  F/M  FREQUENCY  363.  HZ  VOLUMETRIC  FLOM  RATE  15,67  GAL/HR 

Fuel  PRESSURE  at  F/M  ?M,9  PSIA  FUEL  TEMP  AT  F/M  67,  DEG  F 

**  MISCELLANEOUS  TRANSDUCER  READINGS  *• 

MANIFOLD  AVF.RAGF.  BURNER  OUTLET  TOTAL  PRESSURE  56,64  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  53,14  PSIA  (XDUCER  «  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  7,11  "MG  (XOUCER  «  13) 


*  CHEMICAL  ANALYSIS  RESULTS  * 

gas  samples  taken  in  plane  «t 


C02 

2.J70  X 

02 

17.700  X 

CO 

123,7 

PPM 

CHX  ,3  PPM 

NO 

19,0  PPM 

N02 

7,6  PPM 

NOX 

26.7 

PPM 

(NO(NOIR)  ♦  N02 (ROUV) } 

NO 

,0  PPM 

N02 

,0  PPM 

NOX 

PPM 

(  CHCMILUMINESCINCS  ) 

EMISSIONS  INDEX,  LB/1000  LB  FUEL*  CO*  16,61  CMX«  ,69 

CHEMILUMINESCENCE  NOX*  ,66,  NOIR  ♦  ROUV  NQX*  3,54 

CALCULATED  FUf-L/AJR  RATIO  FROM  CHEMICAL  ANALV6III  ,611376 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS  I  96,7414  X 
CHECK  ON  F/A  RATIO*  F/A  •  ,611363  M/O  02.  CALCULATED  0 t  •  17,666  I 

SMOKE  index t  0.00 

SALTZMAN  NOX  •  £/,3 . FM^ 


Figure  240.  Final  Prechamber  Liner  Initial  Design  on  Pressure 
Atomizer  Injection  at  Nonregenera tive  25%  Power. 


T63  COMbuSlOfi  F.XPE K I men  T S  -  RIG  B/l'  43,  TEST  SERIES  52,  READING  ft  690 
T  M  UNiL  DESIGN  -  PRkCHAMBER  LINER  -  RUNNING  ON  PRESSURE  ATOMIZER 
ItST  DATE  l  N-15-72  READING  NAS  TAKEN  AT  1550111  HOURS 

CYCLE  POINT  5  40  X  PQHER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

PURNt*  AIR  Pto*  2.316  LB/SEC  AVG  BURNER  INLET  TEMP  395.  DEG  P 

AVG  BURNER  InLET  PRES  63.2  PSIA  AVG  BURNER  OUTLET  TEMP  1296.  OEG  P 

A  Vi.  HuHNtR  DELTA  P  8.H4  "mG  PRESSURE  LOSS  0,25  X 

OVERALL  E/a  ratio  .01311  (P/M)  FUEL  FLOh  RATE  110,75  LB/MR 

air  LOAD  FACTOR  1.1652  PATTERN  FACTOR  .18306 

POT  MOT  SPOT!  *  36  ■  1403,  DEG  F  MAX  bOT  /  AVG  60T  1,1273 

FUEL  INLET  TEMPERATURE  122,  DEG  F  FUEL  INLtT  PRESSURE  272,1  PSIA 

meat  LOADING  PARAMETER  ,36455E*P7  BTU/HOUR/ATM/CUBIC  FOOT  * 

***«  BURNER  OUTLET  TEMPERATURE  SURVEY  ••*• 

ID  TF.M.P  ID  T£Mp  ID  TEMP  IQ  TEMP  10  TEMP  IQ  TEMP  JO  TEMP 
AnnuLUS  1  2  132/1.  6  1418,  U  1321  ,  19  1226.  24  1184,  27  1452,  38  1403, 

ANNULUS  2  4  1 ?P8 ,  7  1421.  i*  1344,  2i  1129.  25  H56.  34  1365,  37  |439, 

ANNULUS  3  6  1228.  14  1  199,  17  1277,  22  m3,  26  U72,  35  1350,  39  1447, 

LEFT  SIDE  «•*  AIR  INLET  TUBE  CONDITIONS  *•*  RIGHT  SIDE 

TOTAL  PRESSURE  63.10  PSIA  TOTAL  PRESSURE  03,26  PSIA 

STATIC  PRESSURE  62.67  PSIA  STATIC  PRESSURE  02.95  PSIA 

VtLOCITT  DELTA  P  .07  "MG  VELOCITY  DELTA  P  ,52  "MG 

AIR  TEMPtRATuRE  395.  DtG  F  AIR  TEMPERATURE  390,  3EG  P 

AIR  VELOCITY  141.58  FT/SEC  AIR  VELOCITY  109,48  PT/8EC 

DIFFERENTIAL  “RESSURE1  t(lEFT  P-TQTAL)- (RIGHT  P-TOTAL))  -.215  "MG 

*  IN  FLO-  DATA!  F-t't  F  *  103,9  PSIA  DELTA  P*  2,90  "HG  T.REP*  96,  OEG  ft 

fuel  system  datai 

fuel  f/m  frfoucfcy  437,  mz  volumetric  flor  rate  to, is  cal/hr 

FUtL  PRESSURE  at  F/N  329,7  PSIA  FUEL  TEMP  AT  F/H  96,  OEG  P 

••  miscellaneous  TRANSDUCER  READINGS  ** 

MANIFOLO  AVERAGE  HORNER  Outlet  TOTAL  PRESSURE  50,26  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  60,12  PSIA  (XOUCIR  •  U) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  7,63  "HG  (XOUCIR  «  13) 


•  CHEMICAL  ANALYSIS  RESULTS  • 
GAS  SAMPLES  TAKEN  JR  PLANE  *1 


CO? 

2.531H  X 

0? 

17,300  X 

CO 

141,6 

PPM 

CHX  ,4  PPM 

NO 

20,6  PPM 

NG2 

8.1  PPM 

NOX 

36,9 

PPM 

(NO(NDIR)  ♦  N02 (NOUV) J 

NO 

,0  PPM 

N02 

.6  PPM 

NOX 

.6 

PPM 

(  chemiluminescence  1 

(MISSIONS  INDEX,  LB/1004  LB  PUfll  CO*  16.93  CHX*  ,64 

CMFHILUMINESCENCI  NOX*  ,66,  NOIR  ♦  NOUV  NOK*  4*83 

CALCULATED  POEl/AIR  RATIO  from  CHEMICAL  ANALYSIS!  ,611266 

CALCULATED  combustion  EFFICIENCY  FROM  chemical  ANALYSIS!  62,7222  % 

CHECK  ON  F/s  RATIO-  P/A  ■  ,612242  H/Q  02,  CALCULATED  02  •  17,437  | 

SHORE  INDEX l  O'OO 

SALTZMAN  NOX  •  PPM  C-r.  • 


Figure  241.  Final  Prechamber  Liner  Initial  Design  on  Pressure 
Atomizer  Injection  at  Nonregenerative  40?S  Pcver. 
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T?3  COMBUSTOR  EXPERIMENTS  -  RIG  E/U  43,  TEST  SERIES  52,  REAOING  * 

T  33  FINAL  DESIGN  -  PHfcCHAMBf.R  LINER  -  RUNNING  ON  PRESSURE  ATOPTZER 
TEST  DATE  t  6-15-7?  READING  MAS  TAKtN  »T  1656151  HOURS 

CYCLE  POINT  4  S5  X  PQNeR  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BONNER  AIR  FLOP  2.759  LB/SEC  AVG  BURNER  INLET  TEMP  429,  DES  F 

Avr-  BURNER  Inlet  PEES  7 1.2  PSIA  AVG  BURNER  OUTLET  TEMP  1421.  deg  f 

AVG  BURNER  delta  P  8,83  "MG  PRESSURE  LOSS  6,09  X 

OVtRALL  E/A  RATIO  ,01449  (E/P)  FUEL  FLOP  RATE  143,86  LB/HR 

a i w  load  factor  1.1550  pattern  factor  ,15930 

BOT  hot  SPOT!  A  27  •  1579.  DEG  F  MAX  BOT  /  AVG  BOT  1*1112 

EUcl  INLET  TEMPtRATURE  137.  DEG  F  FUtL  INLET  PRESSURE  312,0  PSIA 

meat  LOALlr.C  PARAMETER  ,39l64E*07  BTU/MOUR/ATM/CUBIC  FOOT 

•**•  BURNER  OUTLET  lEMPERATURt  SURVLV  *••• 

ID  TEMP  11)  TEMP  10  TEMP  ID  TEPP  10  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  1  2  1437.  t  1518,  15  1499,  19  1339.  24  1346,  27  1579,  36  1518, 

ANNULUS  2  4  1369.  7  1496,  16  1524,  21  1216.  25  1272,  34  1545,  37  1531, 

annulus  3  5  1341.  14  1385.  17  1418.  22  1211,  26  1296.  35  1468.  39  1546, 

LEFT  SIDt  *•*  AIR  INLET  TUBE  CONDITIONS  ***  RIGHT  VDE 

TOTAL  PRESSURE  71.22  PSIA  TOTAL  PRESSURE  71.22  PSIA 

STATIC  PRESSURE  76,97  PSIA  STATIC  PRESSURE  70.95  PSIA 

VELOCITY  UF.LTA  p  .51  "MG  VELOCITY  DELTA  P  ,55  "MG 

AIR  TEMPERATURE  429.  OEG  F  AIR  TEMPERATURE  489,  OEG  F 

AIR  VELOCITY  104,01  FT/SCC  AIR  VELOCITY  107,44  FT/SEC 

DIFFERENTIAL  PRESSURE!  ((LEFT  P»TOT AL) - (RIGHT  P-TOTAl))  *,003  "MG 

AI*  Flu*  DATA!  P - H i F ■  163. P  PSIA  DELTA  P*  3.61  "MG  T-R&F*  0J,  OEG  F 

fuel  system  oatai 

Fuel  F/M  FRFOUENCY  531,  hi  VOLUMETRIC  flop  RATE  83,24  GAL/HR 

FufL  PRESSURE  at  F/m  378.5  PSIA  FUEL  TEMP  AT  F/M  94,  OEG  F 

•*  MISCELLANEOUS  TRANSDUCER  READINGS  *• 

PAMFOLD  AVERAGE  BUHNER  OUTLET  TOTAL  PRESSURE  66, IS  PSIA 

C0H4USTQH  OUTER  CASE  STATIC  PRESSURE  70,86  PSIA  (XOUCtR  «  M) 

burner  DIFFERENTIAL  total  PRESSURE  1,63  *MG  UOUCER  •  13) 

•  CHEMICAL  ANALYSIS  RESULTS  • 

UAS  SAMPLES  TAKEN  IN  PLANE  ft) 


CU2 

8.860  X 

C? 

17,3MB  X 

CC 

170,9 

PPM 

CMX  ,0  PPM 

NO 

33.7  PPM 

NU8 

11.5  PPM 

NOX 

45,8 

PPM 

(NO(NOXR)  *  N02(R0UV)1 

NO 

,0  PPM 

N02 

,0  PPM 

NOX 

PPM 

(  CHlMlLUMlNIirENCE  ) 

EMISSIONS  INDEX,  L8/1D4P  LB  FUllI  CO*  11,37  CMI*  ,06 

CHEMILUMINESCENCE  NOX*  .61,  NOJR  ♦  NOUV  NOX*  8,13 

CAlCUIATEO  FUtL/ A IR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,61«t40 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  09,6886  I 
CHECK  ON  F/A  RATIO-  F/a  •  ,618184  m/0  02.  CALCULATED  02  •  17,663  I 

SMOKE  INDEX!  4-9o 

SAlTImAN  NOX  *  so  t  e  r  t  r.t3 


Figure  242.  Final  Prechamber  Liner  Initial  Design  on  Pressure 
Atomizer  Injection  at  Nonregenerative  SSX  Power. 
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M3  CpMfjij$YPR  EXPERIMENTS  .  RIG  0/U  *3,  TEST  SERIES  32,  READING  ft  698 
T  o3  EIN*l  DESIGN  -  Pht Chamber  LINER  -  RUNNING  ON  PRESSURE  ATOMIZER 
TEST  DATES  6-13-72  RFADING  NAS  TAKEN  AT  1722126  HOURS 

CYCLE  POINT  3  73  I  POWER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BUHNF.R  air  ELOr  ',986  LB/SEC  AVG  BURNER  INLET  TEMP  473,  OEG  F 

avg  burner  inlet  pres  so.e  psia  avg  burner  outlet  temp  1579,  deg  f 

AVG  bunnER  DELTA  p  9.36  "MG  PRESSURE  LOSS  5,83  X 

OVERALL  E/a  ratio  ,P 1633  (E/p)  FUEL  FLOP  RATE  177.S7  LB/HR 

AIR  LOAD  FACTOR  1,1338  PATTERN  FACTOR  .16902 

BOf  ROT  SPOTt  «  7  *  17HB.  OEG  f  MAX  EOT  /  AVG  60T  1,1324 

FUEL  INLET  TFMPtRATURC  H3,  OEG  F  FUEL  INLET  PRESSURE  387,9  PSIA 

hEAT  LOADING  PARAMETER  ,42B02E*{}7  BTU/MUUR/ATM/CUBlC  FOOT 

*«*•  burner  outlet  temperature  SURVEY  **** 

ID  TEMP  10  TEMP  10  TEMP  Jo  TEMP  10  TEMP  10  TEMP  ID  TEMP 
ANNULUS  1  2  1619.  6  1778,  15  157p,  19  1561,  24  1417,  27  1734,  36  17J1, 

ANNULUS  ?  4  1322,  7  1786.  16  1635,  21  1362.  23  1337,  34  1689,  37  1733, 

ANNULUS  3  5  1516,  14  1513,  17  1388,  21  1367.  26  1394,  33  1616,  39  1766. 

LEFT  SIDE  *•*  AIR  INLET  TUBE  CONDITIONS  •»•  RIGHT  8101 

TOTAL  PRESSURE  68,53  PSIA  TOTAL  PRESSURE  86,58  P8XA 

STATIC  PRESSURE  79.62  PSIA  STATIC  PRESSURE  88,13  P8|A 

VELOCITY  DELTA  P  1,49  "MG  VELOCITY  DELTA  P  ,87  "MG 

AIR  TEMPERATURE  47J.  OEG  F  AJR  TEMPERATURE  473,  OEG  F 

AIR  VELOCITY  171.16  FT/SIC  A  JR  VELOCITY  131,96  FT/IIC 

DIFFERENTIAL  PRESSURE l  {(LEFT  P-T OT AL>- f » I  GMT  P-TQTAL)]  -.964  "MG 

AIR  FLIM  DATA!  p-h;F*  142,2  PSIA  OflTA  P*  4,27  »mG  T-ftEF*  93,  OEG  F 

fuel  system  04tai 

FUEL  F/m  FRfUUENCY  6*9,  Hj(  VOLUMETRIC  FlQr  RA‘,:  28,76  GAL/MR 

Fuel  PRESS'-*"  at  F/M  473,7  psia  fuel  temp  at  F/  •  98,  OEG  F 

*•  MISCELLANEOUS  TRANSDUCER  READINGS  •• 

MANIFOLD  average  BURNER  outlet  TCTAL  PRESSURE  78,87  PSIA 

C0M8UST0R  OUTER  CA|E  STATIC  PRESSURE  79,24  PSIA  (XOUCIR  ft  II) 

BURNER  OIFFEREnUal  total  PRESSURE  9. S3  *mG  (XOUCCR  •  13) 

•  CHEMICAL  ANALYSIS  results  • 

GAS  samples  Taken  In  PLAN(  mi 

C02  2.851  X  02  i6.7«8  X  CC  191,9  PPM  CHI  ,9  PPM 

<*0  83.2  PPM  hA2  13,2  PPM  NOX  56,3  PPM  (NO(NDIR)  ♦  N02(N0UV)1 

NO  ,ft  PPM  NP2  .6  PPM  NOX  ,8  PPM  i  CHEMILUMINESCENCE  1 

EMISSIONS  INDEX «  iJ'19i8  Li  FuEl>  CO*  11,41  CNI*  ,6f 

CMIMILUMINESCCNCE  NOX*  ,81,  NOI*  •  NOUV  NOX*  4,61 

CALCULATED  FUEL/AIR  RATIO  FRO*  CHEMICAL  ANALYSIS!  ,613886 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  86,8163  X 
CHECK  ON  F/4  RATIO-  ft  A  •  ,613666  W/0  Ot,  CALCULATED  Of  *  17.612  S 

IMdKE  INuExi  I4.9A 

**itj»*«  *»  •  57./  £  -t.  ,  i  .  S7 

» mrnmm  ->*  «**P6ft*ft«6«*PtPP  •  •  A6PP»pftR6ft*«AP666ft’Y66P6ftP666«6«fttPtft6ft 


Figure  2*43.  Final  Prechamber  Liner  Initial  Design  on  Pressure 
Atomizer  Injection  at  Nonregenerative  7SX  Power. 
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T63  COMBUSTOR  EXPERIMENTS  -  RIG  P/l)  43,  TEST  SERIES  52,  READING  * 

T  *3  FINAL  DESIGN  -  PRcChahBER  LINER  -  RUNNING  ON  PRESSURE  ATOMIZER 
TEST  n'TEl  6-15-72  READING  WAS  T*  .cN  AT  1745146  HOURS 

CYCLE  PUINT  2  166  X  POWER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

UUKNtH  AIR  FLOW  3.226  LB/SEC  AvG  BURNER  INLET  TEMP  524.  DEG  7 

AVG  duRNtR  INLET  PRES  91.6  PSIA  AVG  BUKNER  OUTLET  TEMP  1706,  DEG  F 

AVG  BURNER  DELTA  P  9.62  "PG  PRESSURE  LOSS  5.30  X 

OVERALL  F/.  P-ii.  .61957  (F/P)  FUEL  FLOW  RATE  227.20  18/HR 

AIR  LOAD  FACTOR  1.1112  PATTERN  FACTOR  ,31968 

BUT  MOT  SPOT}  a  7  ■  2203,  DEG  f  MAX  BOT  /  AVG  BOT  1,2265 

FUEL  INLET  TEMPERATURE  157,  OfcG  F  FUEL  1 NLE  T  PRESSURE  3l7,7  PSIA 

HEAT  LOADING  PARAMtTEK  ,4S396EyY7  BTU/HOUR  ATP/CUBIC  FOOT 

•**•  burner  outlet  teppirati  re  survey  ••*• 

IP  Terp  10  Tt-RP  10  TEMP  ID  TEPP  ID  TEMP  ID  T|HP  ID  TEMP 
ANNULUS  1  2  1844.  6  2019.  15  1645,  }9  1767,  24  1616,  27  1063,  36  1085, 

ANNULUS  2  4  1671.  7  2203 ,  16  1699.  21  1556,  25  1523,  34  1326.  37  1«37, 

AnnuwuS  3  5  1724.  14  1633.  17  1876.  22  1546.  26  1635,  35  1»56,  30  1024, 

LEFT  SIDE  •**  AIR  INLET  TUBE  CONDITIONS  *••  RIGHT  SIDE 

TOTAL  PRESSURE  96.94  PSIA  TqTal  PRESSURE  01,11  PSIA 

STATIC  PNE5S‘.'Hfc  04.49  PSIA  STATIC  PRESSURE  00,64  PSIA 

vtLCCITr  DELTA  p  .92  "MG  VELOCITY  DELTA  P  ,04  "MG 

AIR  TEMPERATURE  523.  CEG  F  A I B  TEMPERATURE  384,  DEG  F 

AIR  VELOCITY  129.53  FT/SEC  A J R  VELOCITY  131,29  FT/SEC 

0  IF  Ft  RENT  I AL  PHtSSURtI  ((LEFT  P-TOT  *L)  •  (*  IGHT  P-TOTAL))  -.330  »*G 

Alw  FLOW  OAT  A  t  P-«M*  161,6  PSIA  OELt*  P»  4,09  "MG  Y«R£F»  02,  DIG  F 

fuel  system  data* 

F Ue L  F/M  FRF.QjEnC*  647,  HZ  VOLUPCtRlC  FLO*  3ATf  30,70  GAL/HR 

FU»l  PRESSURE  AT  F  y*  56  4,6  PSI*  7uEl  TtHP  AT  F/M  00,  0C6  F 

**  MISCELLANEOUS  TRANSDUCER  READINGS  *• 
panIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  00,20  PSIA 
COmSUSTOn  OUTER  CASE  STATIC  PRESSURE  19,11  P01A  (XOgCER  0  U) 

BUHNER  DIFFERENTIAL  TOTAL  PRESSURE  0,69  "M0  (XOgCER  R  13) 

•  CHEMICAL  ANALYSIS  RESULTS  • 

GAS  SAMPLES  TAKEN  IN  FLAME  »l 
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CHEMILUMINESCENCE  nQx*  ,*f,  N01R  *  NOUV  NQI*  4,7J 


CALCULATED  FLEL/AIR  RATIO  from  CHEMICAL  ANALYSISl  ,019000 

CLLCULAIEO  COHRuSUON  EFFICIENCY  F*Ch  CmEmJCAL  ANALYSIS!  00,7378  I 
CHECK  ON  F/4  ratio-  f/a  •  ,013907  w/0  02,  CALCULATED  08  •  10,444  t 


•  MORE  INDEX  I 
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Figure  *M4.  Final  Prechamber  Liner  Initial  Design  on  Pressure 
Atomizer  Injection  at  Nonregenerati vc  100X  Power. 
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To J  COMrtUSTOW  k*P£P  I’lfcNTS  -  PIG  8/U  43.  TEST  StHIES  52.  KEAOING  *  703 

T  03  F  Inal  DESIGN  -  P«tCH*HBE«  LINER  -  RUNNING  ON  PRESSURE  ATOPIZER 
TEST  U*Ttt  6-15-72  READING  WAS  TAKEN  AT  1821153  HOURS 


CVCU  POINT 


0  x  ROWER  SETTING 


bUWstP  AIR  Ft.0*  1.877  i.B/SFC 

AVG  rt.iNNER  INI.ET  PRES  43,7  PSIA 
AVG  OURNEH  OfLTA  P  6.80  *pG 

Overall  f/a  Ratio  .P.lllP  (F/p) 
a  IR  LOAD  FACTOR  I .1804 

ROT  WOT  SPOT  I  •  27  •  433,  DEG  P 

FWEL  JNLF  T  TEHPfRATURO.  104.  OEG  f 


•  *•••  EaPEHIRENTal  CONDITIONS  ***** 


A vG  BURNER  INLET  TEHR  296.  OEG  P 
A v t>  BURNER  OUTLET  TEHR  376.  0C6  f 
PRESSURE  LOSS  9,62  I 

FUEL  Flo*  RATE  7,49  L^/HR 

PATTERN  FACTOR  .S3S6S 

WAX  bOT  /  AVG  8QT  1.8719 

FUtL  HLET  PRESSURE  81,8  PSU 
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••••  Burner  outlet  tehperature  survey  *••• 
ID  TEw»*  IC  TEWP  10  TEWP  10  TEPP  ID  T£Hp  JO 

ANNULUS  1  2  1P4,  0  366 ,  19  376,  18  369,  24  381,  27 

ANNULUS  ?  4  363.  7  363,  1«  379.  21  372,  23  378,  34 
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*«  MISCELLANEOUS  TRANSDUCE*  "IAOInOS  •• 
wanjEolO  AVERAGE  Burner  OUTLET  total  PRESSURE  «I,'2S  PSIA 
CON0U11QR  OUTER  CASE  static  PRESSURE  82, fi  P*IA  (lOuCIR  R  11) 

BURNER  DIFFERENTIAL  total  PRESSURE  4,89  "Vtt  (*OuCER  •  13) 
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Figure  24$.  Final  Preehamber  Liner  Initial  Design  on  Pressure 

Atr.Tis.er  Injection  at  Mnnregenerative  Lean  Blow  Out. 


TABLE  LXXIV.  COMPARISON  OF  T63  NO  NREG  E  NERAT I VE  EMISSION/COMBUSTOR 

PERFORMANCE  OF  (1)  CONVENTIONAL  LINER,  (2)  FINAL  DESIGN 
PRECHAMBER  LINER  WITH  WALL  FUEL  FILM  INJECTION,  AND 
(3)  FINAL  DESIGN  PRECHAMBER  LINER  WITH  STANDARD 
PRESSURE  ATOMIZING  INJECTION. 


T  # 

c-r.tior.n1  Liner 

a.  r 

irissiou:: 

1 

CO,  (ppm) 

S  * ~i  2 .  / 

!!/C,  (ppm) 

100.0 

K0  ^  (On-Line,  NDIR  &  NDUV)  (ppm) 

17.0 

NO  (On-Line,  CL)  (ppm) 

Na  (Saltzmar.)  (ppm) 

17.2 

IB.  5 

Smoke  Number 

3. 

n. 

Pressure  Loss  (vl) 

4.63 

c. 

Trmp.  Profile  (T  /T  ) 

1  v  rax  a  \rry 

1.115 

II. 

Final  Design  Prechamb'jr-Wall  Fuel 
a  ....  Film 

CO,  (ppm) 

030.3 

li/0,  (ppm) 

6.5 

NO  .(On-Line,  NDIR  &  NDUV)  (ppm)  19.  b 

NOx,(SaltZman) (ppm) 

19.3 

Smoke  Numlr  r 

2.07 

11. 

Pro. ‘.sure  Loss  (!X) 

5.90 

C.  '1 

Yu.p.  Prof ilf  (T  /T  ) 

1  v  wav  v 

1.20B 

lii. 

Fina 

A. 

I  Design  Prechamber-Pressure 
Emissions  Atomizer 

CO,  (ppm) 

70. (1 

11/C,  (ppm) 

.0 

NO  .(On-Line,  NDIR  &  NDUV)  (ppm)  114.7 

Hu  ,  (Saltzman)  (ppm) 

- 

Smoke  Number 

- 

11. 

Pressure  Loss  (*o) 

6.11 

C. 

Temp.  Profile  (T  /T  ) 

1  v  max  «v>/ 

1.155 

190.1 

179.2 

.0 

.  5 

31.6 

02.6 

32.5 

40.7 

2.89 

10.07 

5.86 

5.81 

1.200 

1.256 

141.0 

170.9 

.0 

.6 

36.9 

05.2 

02.8 

50.6 

0.00 

0.90 

6.25 

6.09 

1.127 

1.111 

SO. 3  56.0 


•Diluted  Sample  -  Low  Reading 


Hydrocartons  as  C-,Hr>  -  PPM 
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Figure  246.  Nonregenera t f  ve  TSB-A-^A  Combustor 

Hydrocarbon  Emission  Data  Comparison  for 
Extended-Length,  Prechamber  Final  Design 
Combustor  and  T63  Baseline  Combustors. 
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Percent  Output  Horsepower 

47.  Nonregenera tive  T63-A-SA  Combustor 

Carbon  Monoxide  Emission  Data  Comparison  for 
Ex  tended- Length, Prechamber  Final  Design  Combustor 
and  T63  Baseline  Combustors. 
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Oxides  of  Nitrogen  as  NO-  -  PPM 


J 


Figure  248.  Nonregenera tive  T63-A-5A  Combustor 

Nitrogen  Oxides  Emission  Data  Comparison  for 
Extended- Length, Prechamber  Final  Design  Combustor 
and  T63  Baseline  Combustors. 
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Figure  249.  No nre generative  T63-A-5A  Combustor 

Carbon  Monoxide  VS  Nitrogen  Oxides  Emission 
Data  Comparison  for  Extended-Length,  Prechamber 
Final  Design  Combustor  and  T63  Baseline  Combustors. 
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Figure  250.  Nonregenerative  T63-A-5A  Combustor 

Smoke  Data  Comparison  for  Extended-Length, 
Prechamber  Final  Design  Combustor  and  T65 
Baseline  Combustors. 
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Comparing  the  performance  of  the  Final  Preohamber  operating  on  the 
pressure  atomizer  nozzle  with  the  Rich  Premix/Swirl  combustor  tested 
in  the  preliminary  test  series,  the  emission  performances  were  very 
similar.  The  wall  fuel  film  operation,  however,  did  not  perform 
nearly  as  well  as  the  preliminary  version.  For  this  operating  mode, 
the  richer  reaction  zone  showed  the  anticipated  effects  of  lowering 
the  hydrocarbon  concentrations,  lowering  the  CO  at  idle,  and  increas¬ 
ing  the  NO  .  What  was  not  obtained, however, were  the  low  levels  of 
CO  at  the  higher  power  levels  and  the  elimination  of  smoke. 

Overall,  the  pressure  atomizer  reduced  the  total  emissions  by  53% 
with  no  constituent  increase.  The  wall  fuel  film  mode  reduced  over¬ 
all  emissions  by  44%,  but  allowed  a  41%  increase  in  particulates. 

Exhaust  temperature  profiles  are  plotted  in  Figure  251.  Except 
for  100%  power  conditions,  the  pressure  atomizing  mode  of  the  ”Pre- 
chamber"  gave  a  satisfactory  profile.  However,  the  wall  fuel  film 
mode  profile  was  high  at  all  operating  points. 


Lean  blowout  from  idle  was  determined  to  occur  at  a  fuel-air  ratio  of 
0.0062  for  the  ’’Wall  Fuel  Film  Prechamber  Liner",  but  when  operating 
on  the  pressure  atomizer,  the  combustor  exhibited  no  lean  blowout 
point.  Fuel  was  reduced  until  the  flow  rate  was  too  low  to  be  accur¬ 
ately  measured.  Final  data  were  taken  at  a  fuel-air  ratio  giving 
only  80°F  temperature  rise.  At  this  condition, the  fuel  was  shut  off. 


Skin  thermocouple  temperature  data  are  shown  in  Figures  252  and 
253,  With  pressure  atomization,  the  reaction  zone  appears  to  move 
downstream  as  more  fuel  is  added.  Using  wall  film  vaporization, 
however,  the  reaction  appears  to  maintain  the  same  axial  position 
regardless  of  fuel  flow  rates.  It  is  clear  that  the  vaporizer  tube 
wall  is  significantly  cooled  by  the  vaporizing  wall  fuel  film,  as 
its  temperature  is  always  below  the  inlet  temperature. 


MLEiq&tlad  -"A- 

Final  Prechamber  Modification  "A"  consisted  of  removing  1.5  inches  of 
axial  length  from  the  vaporizer  tube  to  permit  more  combustion  gases 
to  pass  up  the  center  of  the  vaporizer  tube  swirl  vortex  and  increase 
the  fuel  vaporization  rate.  Also,  a  1.50-inch  long  cylindrical  section 
was  added  downstream  of  the  dilution  holes  to  allow  more  time  for 
dilution  mixing  and  thus  improve  the  exhaust  temperature  profile. 

The  detailed  acquisition  data  sheets  for  Prechamber  Modification 
"A"  are  presented  in  Figures  254  through  258  for  wall  fuel  film 
operation  and  in  Figures  259  through  264  for  pressure  atomizing 
nozzle  operation.  The  emission,  pressure-loss,  and  temperature- 
,.7  ifile  data  are  summarized  in  Table  LXXV.  Pressure  losses  for 
'  i  Prechamber  comhustor  remained  at  1%  -  1.5%  higher  on  the  average 
khan  the  Conventional  T63  combustor  pressure  loss. 


i 
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Figure  251.  Nonregenera tive  T63-A-5A  Combustor 

Temperature  Profile  Data  Comparison  for 
Extended-Length,  Prechamber  Final  Design 
Combustor  and  T63  Baseline  Combustors. 
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Figure  252. 


Nonregenerative  T63-A-5A  Combustor 
Combustor  Skin  Temperatures  for  Prechamber 
Final  Design  Combustor  Operating  on  Pressure 
Atomizer  Injection. 
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Figure  2S3. 


Nonregenerative  T63-A-SA  Combustor 
Combustor  Skin  Temperatures  for  Prechamber 
Final  Design  Combustor  Operating  on  Wall 
Fuel  Film  Injection. 


T03  COMBUSTOR  EXPERIMENTS  -  RIG  8/U  96,  TEST  SERIES  69,  READING  6  704 
T69  PRECHAMBER  FINAL  DESIGN,  MOO  "A"  RUN  STD,  CYCLE  ON  NALL  FILM  NOZZLE 
TEST  OATEI  7-12-72  READING  NAS  TAKEN  AT  19591  2  HOURS 


CYCLE  POINT  1  10  X  PONER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  PLOM  1.699  LB/SEC  AV&  BURNER  INLET  TEMP  300,  DIG  F 

AVG  BURNER  INLET  PRES  44,6  PSIA  AV&  BURNER  OUTLET  TEMP  1070,  OEG  F 

AV6  BURNER  DELTA  P  9,43  "MG  PRESSURE  LOSS  9.0S  X 

OVERALL  F/A  RATIO  .01006  (F/M)  FUEL  FLOP  RATE  74,10  LS/HR 

AIR  LOAD  FACTOR  i.1723  PATTERN  FACTOR  ,30690 

DOT  HOT  SPOTS  *  29  •  1317,  DEG  F  MAX  BOT  /  AVG  BOT  1.2913 

FUEL  INLET  TEMPERATURE  U2.  DEC  F  FUEL  INLET  PRESSURE  96,4  PSIA 

MEAT  LOADING  PARAMETER  ,2S204E*07  BTU/HOUR/ATM/CUBIC  FOOT 

*•**  BUHNER  OUTLET  TEMPERATURE  SURVEY  **•• 

10  TEMP  10  TEMP  10  TEMP  10  TEMP  ID  TEMP  10  TEMP  ID  TEMP 
ANNULUS  1  2  994,  6  1016,  IS  1176,  }9  1090,  24  1265,  27  1304,  36  624, 

ANNULUS  2  4  1016.  7  1116.  16  1237,  21  1243,  25  1317,  34  6S9,  37  050, 

ANNULUS  3  5  963.  14  1143,  17  1145,  22  1276.  26  I960,  39  723.  39  000, 

LEFT  SIOE  **•  AIR  INLET  TUBE  CONDITIONS  *••  RIGHT  SIOE 

TOTAL  PRESSURE  44,96  PSIA  TOTAL  PRESSURE  44,99  PSIA 

STATIC  PRESSURE  44,26  PSIA  STATIC  PRESSURE  44.33  PSIA 

VELOCITY  OELTA  P  .96  *NG  VELOCITY  DELTA  P  ,52  "MG 

AIR  TEMPERATURE  309,  OEG  F  AIR  TEMPERATURE  306,  OEG  F 

AIR  VELOCITY  126,03  FT/SEC  AIN  VELOCITY  123.00  FT/SEC 

DIFFERENTIAL  PRESSURES  {(LEFT  P-TOTAU-fRIGMT  P.TQTAL))  •.069  *H0 

AIR  FLOW  DATAS  P.REP*  194,9  PSIA  OELTA  P*  1,70  "MG  T*REF •  107.  OEG  P 

fuel  SYSTEM  OATAS 

FUEL  P/M  PREOUENCV  274,  MZ  VOLUMETRIC  PL9*  RATE  11,94  GAL/H0 

FUEL  PRESSURE  AT  F/M  177,7  PSIA  FUEL  'IMP  *T  F/M  0»,  OEG  F 

••  MISCELLANEOUS  TRANSDUCER  READINGS  *• 

manifold  average  burner  outlet  total  pressure  41,01  psia 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  43.04  PSIA  (XOUCIR  A  11) 

lURNER  OlFFtRCNTXAL  TOTAL  PRESSURE  9.SS  *HC  (XOUCER  •  II) 


•  CHEMICAL  ANALYSIS  RESULTS  » 
gas  samples  Taken  in  plane  ri 
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Figure  2S4.  Final  P re chamber  Linar  Nodi  f  it xtion  "A"  on  Wall  Fuel 
Injection  at  Nonregenerative  105*  Power. 


T63  C0H8U3TG*  EXPERIMENTS  -  RIG  b/U  56,  TEST  SERIES  65,  READING  «  783 

T63  PRECHAMBER  FINAL  DESIGN,  HOD  "A"  Run  STD,  CYCLE  ON  HALL  FILM  NOZZLE 
TEST  DATE!  7-12-72  READING  HAS  TAKEN  AT  1624153  HOURS 

CYCLE  POINT  6  83  *  PQM£R  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

0U».vr»  AIR  FLO*  2.213  LB/5EC  AVG  BURNER  INLET  TEMP  332,  DIG  F 

AVG  BURNER  INLET  PREC  34,4  PSIA  AVG  BURNER  OUTLET  T£mP  1222,  DEG  F 

AVG  BURNER  DELTA  p  6,33  "NG  PRESSURE  LOSS  3,7l  X 

OVERALL  F/A  RATIU  ,21202  (F/R)  FUEL  FLO*  RATE  93,66  L0/MR 

AIR  LOAD  FACTOR  1.1003  PATTERN  FACTOR  ,33966 

BOT  hqI  SPOT t  •  26  •  1491,  DEG  F  MAX  BOT  /  AVG  BOT  l,24«3 

FUEL  INLET  TemPE**TuRE  122.  DEG  F  FUEL  INLET  PRESSURE  75,1  PSIA 

MEAT  LOADING  PARAMETER  «29991E*t7  BTU/HPUF /ATM/CUBIC  FOl t 

*♦.«  burner  outlet  temperature  survey  *••• 

ID  TEMP  10  T£mr  TO  TEMP  ID  TEMP  ID  TEMP  IU  T|MP  10  TEMP 
ANnuLUB  1  2  146V.  6  1128.  IS  1292,  19  1225.  24  1435,  22  1464,  30  *29. 

annulus  2  4  1123,  7  1258,  10  1326.  21  1366.  23  1491,  34  929,  32  9<*. 

ANNULUS  3  5  1053,  14  1236.  1?  1237.  22  1414,  2L  v4J6.  35  623,  39  992, 

LEFT  SlOE  •••  AIR  1NLDT  TUBE  CONDITIONS  •••  RIGHT  SIDE 

TOTAL  PRESSURE  34,32  P$|A  TOTAL  PRESSURE  34,42  P8IA 

STATIC  PRESSURE  54,11  PSIA  STATIC  PRESSURE  93,99  PSIA 

VELOCITY  DELTA  R  ,53  *MG  VELOCITY  DELTA  P  ,66  "MG 

AN  TEMPERATURE  332,  OCG  F  AIR  TEMPERATURE  352.  OtG  F 

AIR  VELOCITY  113,33  FT/SEC  AIR  VELOCITY  142, 9l  FT/SEC 

CIFPEREnTIAl  PRtSSOREl  t(L'-FT  -•TOTAL)’-  (RIGmT  P. TOTAL)!  -.Ill  »H6 

AIR  FLO*  OATai  F.ReF*  144,1  PSIA  DELTA  P*  2.35  “MG  T-REF ■  i««,  OCG  F 

fuel  system  oajai 

FUFl  F/m  FnF QUEmC y  354.  Ml  VOLUMETRIC  FlOm  RATE  15,42  GAL/Mi 

FUEL  PRESSURE  AT  F/M  171,3  PtlA  FUEL  TE**F  AT  F/R  94,  OEG  F 

••  MISCELLANEOUS  TRANSDUCER  READINGS  •• 

MANIFQLO  AVERAGE  BiRnE*  “'UTLET  TCTAL  PRESSURE  51,29  PSI* 

V?mbuSTO«  OUTER  LASC  STATIC  PRESSURE  S3.S9  PSIA  (xOUCER  •  Jl) 

•U»NtR  OIFFEhEnTJ au  TOTAL  PRESSURE  6. 21  "H6  (xOUCER  ■  IS) 


•  CmenICAL  analtSIS  RESULTS  • 
G*S  samples  Taken  l*  PLANE  *1 


cot 

2,616 

X 

02  16,566 

X 

CO 

156,7 

PPM 

Cm*  S,6  PPM 

NO 

16.9 

PPM 

N02  6.1 

PPM 

NPX 

25.6 

PPM 

tNO(NOIR)  •  NOS(NOUV)) 

NO 

26.5 

PPM 

NC2  2.6 

PPM 

NO* 

16.5 

PPM 

(  ChepilupINEICEnCC  ) 

EMISSIONS 

INQE* 

,  LB/ 1*40  L® 

fuel* 

CO* 

It,  91 

Chi *  ,33 

cme mj luminescence  rc>*  s»ri,  noir  *  nouv  nox*  3,34 


CALCULATED  PLti/AtR  RATIO  FROM  CHEMICAL  ANALYSIS!  .••95«» 

CALCULATED  C0HRUST10N  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  99,5731  t 
CHECK  ON  P/A  RATIO-  F/a  •  .679766  m/0  02,  CAlCUCATEO  02  •  16,167  t 

SMOKE  IN0I*» 

. !!! _ _ 


Figure  2SS.  Final  Prechafebcr  Liner  Hod.  "A"  on  Wall  Fuel 
Injection  at  Non regenerative  2S%  Power. 
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Tea  combustor  experiments  *  rig  b/u  se»  test  series  es,  reaoing  «  798 

Tea  PRECH4MBER  FINAL  DESIGN,  NOD  ■*"  RUN  STG.  CYCLE  ON  MALL  FILM  NOZZLE 
TEST  DATEl  7-12-72  READING  HAS  TAKEN  AT  1649198  HOURS 

CYCLE  POINT  9  «■  X  POMES  SETTING 

«•••*  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  air  FLOm  2.53a  LB/SEC  AVG  BURNER  INLET  TEHP  397.  DEG  F 

AVG  BURNER  INLET  PRES  93.7  PS1A  .WC  BURNER  OUTLET  TEMP  1313.  DEG  P 

AVG  8URNER  DELTA  P  7,80  *HG  PRESSURE  LOSS  5.7S  t 

OVERALL  F/A  RATIO  .01311  (F/M)  FUEL  PLOH  RATE  U*. SB  LS/MR 

AIR  LOAD  FACTOR  1.1939  PATTERN  FACTOR  03l7l9 

•  OT  NOT  SPOT!  •  27  ■>  1990.  DEG  F  MAX  BOT  /  AVG  BOT  1.2205 

FUEL  INLET  TEMPERATURE  133,  DEG  P  FUEL  INLET  PRESSURE  9S.S  PSIA 

MEAT  LOADING  PARAMETER  ,31939£*t7  STU/MOUR/ATN/CUBIC  FOOT 

«*•*  BURNER  OUTLET  TEMPERATURE  SURVEY  •*«• 

10  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  10  TEMP  JO  TEMP  JO  TEMP 
ANNULUS  1  2  1154.  6  1224.  19  14«5,  19  133*.  24  1829.  17  1990,  36  lltl. 

ANNULUS  2  4  123*.  »  1333.  16  1469.  21  1897,  29  1979,  34  991,  37  1«»9, 

ANNULUS  3  9  1169.  14  146|.  17  1396,  22  1992.  26  I89B.  39  S99.  39  IB79, 

LEPT  SIOI  •*•  AIR  INLET  TUBE  CONDITIONS  ••*  RIGHT  SIDE 

TOTAL  PRESSURE  63,67  PSIA  TOTAL  PRESSURE  63,74  PSIA 

STATIC  PRESSURE  63.17  PSIA  STATIC  PRESSURE  63, 3S  PSIA 

VELOCITY  DCLYA  P  l.BI  #M5  VELOCITY  DELTA  P  .73  *HS 

air  temperature  397,  ocg  p  air  iemperaturi  397,  Die  p 

AIR  VELOCITY  191.94  PT/SEC  AIR  VELOCITY  119,97  PT/SEC 

OtFPCRENTlAL  mRESSUREI  ((LEFT  P«T0TAU«tR|6MT  P.TOTA*.)!  -.146  »M« 

AIR  PLOM  QAYAI  P-R|P*  163,1  PSIA  OCLTA  P*  3.S9  "H«  T»R|P*  199,  DCS  P 

Fuel  system  oata* 

fuel  ***  frequency  441.  hz  volumetric  flop  rate  is, 11  bal/mr 

fuel  PRESSURE  at  P/M  163,6  PSIA  PutL  T|»P  AT  P/H  SB,  016  P 

••  MISCELLANEOUS  TRANSDUCER  REAOINSS  •• 

A*  POLO  AVERAGE  SUWNER  OUTLET  TOTAL  PREISURS  *B,ft  PSIA 
CQ'iUSTQ*  OUTER  CASE  STATU  PRESSURE  PSIA  UOuCER  •  It) 

•INC*  DIFFERENTIAL  total  PRESSURE  7,43  *M6  (>0UC(R  •  U) 

•  CHEMICAL  ANALYSIS  RESULTS  • 

GAS  SAMPLES  TAKEN  **  PLANE  R| 


vO« 

1*197 

I 

01 

1S.1S*  S 

CO 

I9S.7 

PPH 

CHI  1,7  PPH 

NO 

IS. 4 

PPh 

M01 

S.S  PPH 

NOI 

tf«« 

PPM 

(HOINOIR)  ♦  NOUHOUV)) 

MO 

!•*• 

PPM 

HO* 

,1  PPH 

NOX 

»,» 

f  PH 

t  CMEMlLUHlNtSCENCE  ) 

EMISSIONS  IMOEX  LB/IBM  lb  PuELt  CO*  11.71  CMS*  .If 

CHEMILUMINESCENCE  NQl*  4,11 »  NOIR  ♦  *OUV  NO**  f.BE 


CALCULATED  PuEl/AIR  RATIO  PROP  CHEMICAL  ANALYSIS*  .SIMM 

CALCULATED  COMSUSTIQM  EFFICIENCY  PROM  CHEMICAL  ANALYSIS*  •S.fBSS  K 

check  on  p/a  ratio*  p/a  •  v«i«isf  h/o  o*.  calculated  ot  •  is.sst  i 


•NOME  1  NOCK  I 
SALTZhan  NOX  •  3 \%S 


fi  ♦!. *.  3.87 


Figure  2S6.  Fina*  Preehaaber  Liner  Hod.  "A**  on  Will  Fuel 
Injection  at  Nonregenerative  NOX  Power. 
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T63  CO«»USTOR  EXPtnIMfcNTS 
T63  PR£CM*MBt«  flML  DESIGN,  MOO  “A" 
TEST  DATtl  7-12-72 


RIG  B/t  56,  UST  ScRIES  65,  READING  R  787 
RUN  STO.  CYCLE  ON  hacL  FILM  NOZZLE 
READING  NAS  TAKEN  AT  1736124  HOURS 


CYCLfc  POINT  4 


BURNER  AIR  FLO* 

AVG  BURNER  INLET  P*ES  71.S 
AVG  BURNER  DELTA  F  0,14 
OVERALL  f/A  RATiU  ,  H  l  4f>  1 

air  lo to  factor  1.1427 

80T  MOT  SPOT!  I.  ?6  •  1769. 
FUEL  INLET  TEMPERATURE  144, 


*  EXPERIMENTAL 
2.72H  LH/SEC 
PSI  A 
*mG 
(F/m) 


DEG 

DEC 


55  X  PORER  SETTING 

conditions  ***** 

AVG  BURNER  INLET  TEMP  43B,  OEG  F 
AVG  BURNER  OUTLET  TEMP  1431,  OIG  F 
PRESSURE  LOSS 
FutL  FLO*  (MATE 
PATTtRN  FACTOR 
MAX  POT  t  AVG  POT 
FUtL  INLET  PRESSURE 


MEAT  LOADING  PARAMETER  ,3426*E*67  6TU/M0UN/ATM/CU6IC  FOOT 


s.ei  x 

1*3,63  LB/mr 
,33606 
1.2964 
119,9  PSIA 


annulus  i 
annulus  2 
ANNULI'S  9 


•  **•  burner  outlet  temperature  survey  ***• 

10  temp  m  TEMP  10  TEMP  ID  TEMP  10  TEMP  10 

2  13?e.  6  1329.  15  1516.  19  145*.  24  1667,  27 

A  13F5.  7  <512.  }6  15*2.  -j  t675,  25  1768,  94 

5  1279,  14  1483,  l7  13U.  2?  *646.  26  1765,  95 


l  »T  SIDE 

total  pressure 
5TAT1C  PRtSSUBf 
VELOCITY  DtlTA  F 
A]R  TEMPtMAtuRt 
AIR  VELOCITY 


•  ••  Ala  INLET  TUBE 


71.  P? 
7V.  5* 
.87 
43M. 


PSI  A 
PS!  A 
•MG 
OEG  F 


132,12  FT/SEC 


CONDITIONS  •*« 

total  pressure 
STATIC  PRESSURE 
VELOCITY  DELTA  P 

AIR  temperature 

AIR  VELOCITY 


TEMP  JO  TEMP 
1’32.  36  1169, 
1*96,  37  1162, 
8*4.  39  1151, 

RJGMT  SIDE 


DIFFERENTIAL  PRFbSt.Rt!  {(LEFT  P-T0TAL)-(RI6mT  P-TQTal)3 
AI«  »lu«  0  *  T  *  I  F-R»ft  1 42.6  P5J*  OElTa  P*  3.57  •*& 


71,12 

72,56 

.«» 

436. 

I3F.77 

•.3*1 


PSIA 
PS  I A 
*MG 

OEG  F 
FT/SSC 
•MG 


T-REF«  162,  OCC  F 


FUtL  $*31C-  OATAl 

FuEl  F/m  FNluufo.Y  528 ,  MZ 
FUEL  PRESSUPE  *T  F/m  16M.M  PSIA 


VOLUMETRIC  FlOn  RATE  23,11  GAW/MR 
FUEL  TEMP  AT  F*M  97,  OEC  F 


•  •  PlSCEUANtOUS  TRANIOUUN  RiAQtN&S  •• 

mantfolo  average  rwRner  outlet  total  prfssuri  •▼.•a  p*ia 

com*ustow  outer  case  static  pressure  e«,*s  rsia  hducir  »  id 

burner  differential  total  pressure  i.it  "mg  (iOuCir  r  uj 


•  CmEMJCAL  FNALY3IS  RESULTS  • 
GAS  SAMPLES  Taken  in  Plane  • 1 
C02  2*332  I  C?  1 7,66m  X  CD 

no  26,7  PPM  N02  If, 3  PPM  *0* 

mC  32,8  PPM  M2  1,6  PPM  no* 

EMISSIONS  INOEX,  L«/KRR  L*  FutL!  CO* 

CM! -ILUMINCSCENCE  NO** 


PPM  CM*  .*  MPM 

38.1  »  m  inO(nOIR)  ♦  nCJ (NDuv)l 
53.6  PPM  (  CMfcM Ilom iNESCtNCC  ) 
11.34  CMla  ,|| 
3. *4,  N0 JR  *  NCUV  MOXP  4 , 3 1 


CALCULATED  Fitl/AlR  RA?*3  FROM  OErjtAL  ANALYSIS!  .»l!3St 

CALCULATED  COMBLSTJON  iff  jvIENCT  FROM  CmEMICAL  aralvSISI  9*. 623*  X 
CMEC«  on  ft  A  RATIO-  * /A  •  .611322  N70  02,  CALCULATED  32  •  17,76*  t 


SPORE  1 NOE  *  t 
SALTZmAM  NO*  • 


.43 

42.4. 


PPM 


£■!■'  4.L 7 


Figure  ?$7.  Final  Prechamber  Liner  Hod.  **A"  on  Wall  Fuel 
Injection  at  Nonregenera r ive  SSX  Power. 


T63  COH0USTOR  EXPERIMENTS  -  RIG  B/U  36,  TEST  SERIES  65,  REAOING  ¥  798 

T63  PRtCHAHBER  FINAL  DESIGN,  HOD  "A"  RUN  STD.  CYCLE  ON  NALL  FILM  NOZZLE 
TEST  DATE  1  7-12-72  READING  NAS  TAKEN  AT  1757140  HOURS 

CYCLE  POINT  3  75  *  POWER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  FLOW  2,992  LB/SEC  AVG  BURNER  INLET  TEHP  472.  DE5  F 

AVG  HURNtR  Inlet  PKtS  80,4  PSIA  AvG  BURNER  OUTLET  TEHP  1976.  DEG  F 

AVG  BURNER  DELTA  P  8.81  "HG  PRESSURE  LOSS  5,39  X 

OVERALL  F/A  RATIO  .01647  (F/M)  FUEL  FLOW  RATE  177,41  LB/HR 

AIR  LOAD  FACTOR  1,1366  PATTERN  FACTOR  ,445ie 

BOT  HOT  SPOT:  A  26  *  2070.  DEG  F  MAX  BOT  /  AVG  BOT  1,3119 

FUEL  INLET  TEMPERATURE  151.  DEG  F  FUEL  INLET  PRESSURE  145,9  PSIA 

HEAT  LOADING  PARAMETER  .37552E+07  BTU/HOUR/ATM/CUBIC  FOOT 

**••  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 

ID  TEMP  10  TEMP  ID  TEMP  10  TEMP  10  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  1  2  1366,  6  1476,  15  1694,  19  1577,  24  1829.  27  1965.  36  1223„ 

ANNULUS  2  4  1463.  7  1654.  16  1748,  21  1768,  2b  1970.  34  1245.  37  1233. 

ANNULUS  3  5  1521.  14  1771.  17  1449,  22  1655.  26  2070.  35  1228,  39  1183, 

LEFT  SIDE  ***  AIR  INLET  TueE  CONDITIONS  *«*  RIGHT  SIDE 

TOTAL  PRESSURt  80.33  PSI«  TOTAL  PRESSURE  80,43  PSIA 

STATIC  PRESSURE  79.89  PSIA  STATIC  PRESSURE  80,03  PSIA 

VELOCITY  OELTA  F  .90  "HG  VELOCITY  DELTA  P  .81  "HG 

AIR  TEMPERATURE  472,  DtG  F  AIR  TEMPERATURE  472,  DEG  F 

JIR  VELOCITY  133.28  FT/SEC  AIR  VELOCITY  125.95  FT/SEC 

DIFFERENTIAL  PRESSURE!  (CLSFT  P-TOTAL)-fRlGHT  P-TOTAL))  -.196  "MG 

AIR  FLOW  DATA:  P-ReF*  102.3  PSIA  DELTA  P*  4.33  "MG  T-REF*  100,  DES  F 

fuel  system  data: 

fuel  f/m  frequency  637,  hz  volumetric  flow  rate  28.es  gal/mr 

FUEL  PRESSURE  AT  F/M  261,9  PSIA  FUEL  TEMP  AT  F/M  97,  DEG  F 

**  MISCELLANEOUS  TRANSDUCER  READINGS  ** 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  76,05  PSIA 

COMBUSTOR  OUTER  CASE  STAflO  PRESSURE  79.08  PSIA  (XDUCER  ¥  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  8.72  "MG  (XDUCER  ¥  13) 


*  CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SAMPLES  taken  IN  PLANE  *1 


C02 

8,556  X 

02 

17.250 

X 

CO 

166,6 

PPM 

CHX  2,3  PPM 

NO 

33.7  PPM 

N08 

16,1 

PPM 

NQX 

49,;,  9 

PPM 

(NQINOIR)  *  N02CNDUV)} 

NO 

78.7  PPM 

H‘2 

3,0 

PPM 

NOX 

61  .8 

PPM 

(  CHEMILUMINESCENCE  1 

EMISSIONS  INOEX,  LB/1P0R  LB  FUEL 1  CO*  9,96  CHX*  .22 

CHEMILUMINESCENCE  *0X*  8,02,  NOIR  ♦  NQUV  NOX*  4,69 

CALCULATED  PIEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,812364 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  99,8200  X 
CHECK  ON  F/A  RATIO-  F/A  «  ,«1225£  */Q  02.  CALCULATED  02  •  17,431  X 

SMOKE  INDEX:  zso 

saltihan  NOX  •  X  ppm 

mrnrnm m «►«•••  •  w •**  *>»«•» mmmmmm mmmi* mmmmmmmi* 


Figure  258.  Final  Prechamber  Liner  Modification  "A"  or.  Wall 
Fuel  Injection  «t  Nonre  gene  rati  vs  7S76  Power. 
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763  COMBUSTOR  EXPERIMENTS  -  RIG  B/U  56,  TEST  SERIES  66,  READING  A  709 
T63  PRfcCHAMBER  PINAL  DESIGN,  NOD  “A"  RUN  STD,  CYCLE  ON  PRESSURE  NOZZLE 
TEST  DATE  I  7-13-72  READING  MAS  TAKEN  AT  1350!  9  HOURS 


CYCLE  POINT 


19  X  PONER  SETTING 


EXPERIMENTAL  CONDITIONS  ***** 


BURNER  AIR  FLO* 

1.874 

lb/sec 

AVG  BURNER  INLET  TEMP 

3*1. 

DEG 

F 

AVG  BURNER  INLET 

PRES 

44,7 

PSIA 

AVG  BURNER  OUTLET  TEMP 

1068, 

OEG 

F 

AVG  BURNER  DELTA 

P 

5.34 

"MG 

PRESSURE  LOSS 

5,86 

X 

OVERALL  F/A  RATIC 

1 

01062 

(F/M) 

FUEL  FLOM  RATE 

73.01 

LB/HR 

AIR  LOAD  FACTOR 

1 

,1554 

PATTERN  FACTOR 

,18483 

BOT  HOT  SPOTS  0 

27  • 

1209, 

DEG  F 

MAX  001  /  AVG  BOT 

1.1329 

FUEL  INLET  TEMPERATURE 

115. 

OEG  F 

FUEL  INLET  PRESSURE 

207.0 

PSIA 

MEAT  LOADING  PARAMETER  o27794E+07  8 TU/HOUR/ ATM/CUBIC  ROOT 


****  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 


ID 

TEMP 

ID 

TEMP  ID 

TEMP  ID 

TEMP  10 

TEMP 

10 

TEMP 

ID 

TEMP 

ANNULUS 

t 

A 

2 

984, 

6 

1030,  15 

1144,  19 

1081,  24 

2168, 

27 

1209, 

36 

874 

ANNULUS 

2 

6 

1036, 

7 

1153,  16 

1196,  21 

1185,  25 

1199. 

34 

892, 

37 

916 

ANNULUS 

3 

5 

1027, 

14 

1143,  1? 

1132,  22 

1125,  26 

1152, 

35 

895, 

39 

910 

i 

1 


i 


LEFT  5I0E  *** 

AIR 

INLET  TUBE 

CONDITIONS  *•* 

RIGHT  SIDE 

TOTAL  PRESSURE 

44,68 

PSIA 

TOTAL  PRESSURE 

44,71 

PSIA 

STATIC  PRESSURE 

44,39 

PSIA 

STATIC  PRESSURE 

44,43 

PSIA 

VELOCITY  OELTA  P 

.50 

•HG 

VELOCITY  DELTA  P 

,97 

•NG 

AIR  TEMPERATURE 

3fe0, 

OEG  F 

AIR  TEMPERATURE 

300. 

DEG  F 

AIR  VELOCITY  130,61 

FT/SEC 

AIR  VELOCITY 

126,44 

FT/SEC 

DIFFERENTIAL  PRESSURE! 

((LEFT  P-T0TAL) 

-(RIGHT  P-TOTAL)! 

-.074 

•MG 

AIR  FLOM  DATA!  P«!UFa 

105,0 

PSIA  DELTA  Pa  1,66  **HC  T-REFa  106, 

,  DEG  F 

fuel  system  oatai 

fuel  f/m  frequency 

270. 

HZ 

VOLUMETRIC  FLOM  RATE 

11,77 

GAL/HR 

FUEL  PRESSURE  AT  F/M 

272,1 

PSIA 

FUEL  TEMP  AT  F/M 

93. 

DEG  F 

**  MISCELLANEOUS  TRANSDUCER  READINGS  **  i 
MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  42,07  P8IA  j 
COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  43,03  PSIA  (XOUCER  0  11)  j 
BURNER  DIFFERENTIAL  TOTAL  PRESSURE  3,39  »HS  (XOUCER  0  13)  j 


*  CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SAMPLES  TAKEN  IN  PLANE  01 


COB  1,961  X 

02  18,600 

X 

CO 

63,8 

PPM 

CMX  ,7  PPM 

NO  13,4  PPM 

N02  5,6 

PPM 

NOX 

19.8 

PPM 

(NO(NOIR)  ♦  N02 (NDUV) ) 

NO  ,0  PPM 

N02  .0 

PPM 

NOX 

.0 

PPM 

(  CHEMILUMINESCENCE  ) 

EMISSIONS  INDEX 

,  LB/1000  LB 

FUEL* 

COa 

7,37 

CHX •  ,10 

CHEMILUMINESCENCE 

NDXa 

,00* 

NDIR  ♦  NDUV  NQXa  2,82 

CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,000288 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  90,7793  X 
CHECK  ON  F/A  RATIO-  F/A  ■  ,909433  M/O  02,  CALCULATED  02  a  18,262  X 

SMOKE  INOEXI  O'OO 

saltzman  nox  ■  12,0  pfm  E  I,*J.7& 


Figure  259.  Final  Prechamber  Liner  Modification  "A"  on  Pressure 
Atomizer  Injection  at  Nonregenerative  10%  Power. 
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T03  COMBUSTOR  EXPERIMENTS  •  RIG  B/U  SB,  TEST  SERIES  SB,  REAOXN0  #  MB 

res  prechamber  final  oesign,  moo  "a*  run  sto,  cycle  on  pressure  nozzle 

TEST  OATEI  7-13-7?  READING  HAS  TAKEN  AT  14231  1  HOURS 


CYCLE  POINT  6 


BURNER  AIR  FLON  2,158  LB/SEC 

AVG  BURNER  INLET  PRES  54, B  RSIA 
AVG  BURNER  DELTA  P  8,28  "MG 
OVERALL  F/A  RATIO  .01238  (F/H) 

AIR  LOAD  FACTOR  1,1374 

BOT  HOT  SPOT I  *  21  ■  1375,  OEG  F 
FUEL  INLET  TEMPERATURE  126,  OEG  F 
HEAT  LOAOING  PARAMETER  ,3B134E*B7 


28  X  POHER  SETTXN6 

EXPERIMENTAL  CONDITIONS  ***** 

158  LB/SEC  AVG  BURNER  INLET  TEMP  350,  DEG  F 
4,0  RSIA  AVG  BURNER  OUTLET  TEMP  1205,  OEG  F 


PRESSURE  LOSS 
FUEL  FLOM  RATE 
PATTERN  FACTOR 
MAX  BOT  /  AVG  BOT 
FUEL  INLET  PRESSURE 
BTU /HOUR /ATM/CUBIC  FOOT 


3,04  X 
09,00  LB/HR 
,10036 
1.1460 
230,5  RSIA 


****  BURNER  OUTLET  TEMPERATURE  SURVEY  •**• 

10  TEMP  10  TEMP  ID  TEMP  10  TEMP  10  TEMP  10  TEMP  ID  TEMP 
ANNULUS  1  2  1107.  6  1142.  19  1326,  10  1210,  24  1336,  27  1352,  36  001, 
ANNULUS  2  4  1146.  7  1273,  IS  1357,  21  1375,  25  1353,  34  1614,  37  1020. 
ANNULUS  3  5  1157,  14  1204,  17  1262,  22  1261,  26  1317,  35  050,  30  1654, 


LEFT  SIDE 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


*••  AIR  INLET  TUBE  CONDITIONS  **« 


53,98  PSIA 
53,65  PSIA 
,66  ”HG 
349,  OEG  F 
129,66  FT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRESSURE*  ((LEFT  P-WAD*(RXGHT  P-TOTAL)) 


RIGHT  SIDE 
53,97  PSIA 
53,71  PSIA 
,54  "HO 

380,  OEG  F 
117,61  FT/BEC 
.BBS  >HG 


AIR  FLON  DATA*  P-R£F*  *03.9  P3IA  DELTA  P»  2.23  "HG  T-REF*  107.  OEG  F 


FUEL  SYBTEH  DATA* 

FUEL  F/H  FREQUENCY  353, 
FUEL  PRESSURE  AT  F/H  264,4 


VOLUMETRIC  FLON  RATE  16,43  GAL/HR 
*UEL  TEMP  AT  P/M  .05,  OEG  F 


**  MISCELLANEOUS  TRAMDUrER  READINGS  ** 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  50,03  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  53,24  PSIA  (XDUCER  #  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  6,20  "MG  (XDUCER  »  13) 


*  CHEMICAL  ANALYSIS  RESULTS  • 
GAS  SAMPLES  TAKEN  IN  PLANE  »1 
COS  2,166  X  02  18,400  X  CO  116,2  PPM 

NO  16,3  PPM  NOB  4,0  PPM  NOX  23,1  PPM 

NO  ,0  PPM  N02  ,0  PPM  NOX  ,0  PPM 

EMISSIONS  INDEX,  LB/1000  LB  FUEL*  CO*  9,24 

CHEMILUMINESCENCE  NOX*  ,00,  N 


16,2  PPM  CHX  .2  PPM 

23,1  PPM  (NO(NOIR)  *  N02CNDUV}] 
,«  PPM  (  CHEMILUMINESCENCE  ) 
0,24  CHX*  ,03 

.80,  NDIR  *  NOUV  NOX*  3,02 


CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALVIXII  ,010171 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS*  00,7348  X 
CHECK  ON  F/A  RATIO-  P/A  •  ,010360  N/0  02,  CALCULATED  OB  •  17, BBS  X 

SMOKE  INDEX*  OOO 

BALTZMAN  NOX  •  24,0  ff.JT  «. 


Figure  260.  Final  Prechamber  Liner  Modification  "A”  on  Pressure 
Atomizer  Injection  at  Nonregenerntive  2  596  Power. 
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T63  COMBUSTOR  EXPERIMENTS  •  RIG  B/U  86#  TEST  SERIES  66#  REA0IN6  *  S01 
763  PRECHAMBER  PINAL  DESIGN,  MOD  "A"  RUN  STO,  CVCLE  ON  PRESSURE  NOZZLE 
TEST  DATE!  7-1 3-72  READING  HAS  TAKEN  A?  1442134  HOURS 


CYCLE  POINT 


46  X  POKER  SETTING 


*****  experimental 

BURNER  AIR  PLOH  2,491  LB/SEC 

AVG  BURNER  INLET  PRES  83,1  PSIA 
AVG  BURNER  DELTA  P  7,41  "H6 

OVERALL  P/a  RATIO  .61312  £F/M) 

AIR  LOAO  FACTOR  1,1584 

80T  HOT  SPOT!  0  21  •  1808,  DEG  P 
FUEL  INLET  TEMPERATURE  133,  DEG  P 
HEAT  LOADING  PARAMETER  ,31694E*07  8 


CONDITIONS  ***** 

AVG  BURNER  INLET  TEMP 

308, 

OEG  P 

AVG  BURNER  OUTLET  TEMP 

1307. 

DEG  P 

PRESSURE  LOSS 

8,76 

X 

FUEL  PLOH  RATE 

PATTERN  FACTOR 

MAX  BOT  /  AVG  BCT 

117,62 

,22183 

1.1848 

LB/HR 

FUEL  INLET  PRESSURE 
/HOUR/ATM/CUBIC  FOOT 

269.3 

PSIA 

*•**  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 

ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  1  2  1221,  6  1218,  15  1404,  19  1364.  24  1430,  27  1440,  36  1047, 
ANNULUS  2  4  1264,  7  1352,  16  1487,  21  1806,  25  1462,  34  1080,  37  1100, 
ANNULUS  3  3  1268,  14  1437.  17  1397,  22  13S7,  26  1441,  39  1008,  39  1182, 


LEFT  SIDE 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


•»*  AIR  INLET  TUBE  CONDITIONS  **« 


63, f6 
62,69 
.34 
398, 


PSIA 
PSIA 
”HG 
DEG  P 


111,83  PT/8EC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRESSUREl  {(LEFT  P-TOTAD-CRIGHT  P-TOTALH 


RIGHT  SIDE 
63,13  PSIA 
62,76  PSIA 
,78  •'MG 

396.  DEG  P 
131,61  PT/SEC 
.888  *HG 


AIR  PLOW  OATAI  P-RfcF*  103,3  PSIA  OELTA  P*  2,99  "HG  T»REF«  107,  DEG  P 

fuel  system  oatai 

fuel  P/m  FREQUENCY  434,  HZ  VOLUMETRIC  PLOH  RATI  10,00  GAL/HR 

FUEL  PRESSURE  AT  P/M  372,2  PSIA  FUEL  TEMP  AT  P/M  07,  DIG  P 

**  MISCELLANEOUS  TRANSDUCER  READINGS  ** 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  89,80  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  62,13  PSIA  CXDUCER  0  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  7,44  "HG  (XDUCER  N  IS) 


*  CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SAMPLES  TAKEN  IN  PLANE  01 


C02 

2.303  X 

02  18,100 

X 

CO 

138.2 

PPM 

CMX  .7  PPM 

NO 

24. S  PPM 

NOS  0,1 

PPM 

NOX 

32,7 

PPM 

INO(NDIR)  *  N02CNDUV)) 

NO 

.0  PPM 

NOS  .0 

PPM 

NOX 

PPM 

t  CHEMILUMINESCENCE  ) 

EMISSIONS  INDEX 

,  LB/1000  LB 

PUELI 

CO* 

18,10 

CMX*  .19 

CHEMILUMINESCENCE 

NOX* 

,00 

i 

NOIR  *  NDUV  NOX*  4„B1 

CALCULATED  PUCL/AIR  RATIO  PROM  CHEMICAL  ANALVSISI  ,611916 

CALCULATED  COMBUSTION  EFFICIENCY  PROM  CHEMICAL  ANALVSISI  09,7116  X 
CHECK  ON  P/A  RATIO-  P/A  '  ,011073  H/O  02,  CALCULATED  OR  ■  17,702  X 

SMOKE  INDEXI  0  0O 

SALTZMAN  nox  •3ff.7  £  x.  -  4-  36 


Figure  261.  Final  Prechamber  Liner  Modification  "A"  on  Pressure 
Atomizer  Injection  at  Nonregenerative  40%  Power. 
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van?  v-*  -w  ^ 


T03  COMBUSTOR  EXPERIMENTS  -  RIG  B/U  36,  TEST  SERIES  66,  READING  R  862 
T63  PRECHAMBER  FINAL  DESIGN,  MOD  "A*  RUN  STD,  CYCLE  ON  PRESSURE  NOZZLE 
TEST  OATEC  7-13-72  READING  NAS  TAKEN  AT  ISIGt  7  HOURS 


CYCLE  POINT  4 


S3  X  PONER  SETTING 


EXPERIMENTAL  CONDITIONS  ***** 


BURNER  AIR  FLOH  2.813 
AVG  BURNER  INLET  PRES  71.4 
AV6  BURNER  DELTA  P  8. 46 
OVERALL  F/A  RATIO  .61438 
AIR  LOAO  FACTOR  1.1761 
BOT  HOT  SPOT!  N  21  *  1636. 
FUEL  INLET  TEMPERATURE  142, 


2.813  LB/SEC 
71.4  PSIA 
8,48  "HG 
81438  (P/M) 


AVG  BURNER  INLET  TEMP  431.  DEG  P 
AVG  BURNER  OUTLET  TEMP  1422,  DEG  P 


OEG  F 
DEG  F 


NEAT  LOADING  PARAMETER  ,347666*17 


PRESSURE  LOSS 
FUEL  PLON  RATE 
PATTERN  FACTOR 
MAX  BOT  /  AVG  BOT 
FUEL  INLET  PRESSURE 
BTU/HOUR/ATM/CUBZC  FOOT 


8.83  X 

148,62  LB/HR 
.21868 
1.1888 
316,8  PSIA 


*«**  BURNER  OUTLET  TEMPERATURE  SURVEY  ***• 

ID  temp  id  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  10  TEMP  ID  TEMP 
ANNULUS  1  2  1312,  6  1326,  18  1818,  16  1868.  24  1881.  27  1861.  36  1127. 
ANNULUS  2  4  1376,  7  1472.  16  1864,  21  1636,  28  1602,  34  1186.  37  1161, 
ANNULUS  3  6  1378,  14  1886,  17  1836,  22  1338,  26  1865,  38  1161,  36  1261. 


LEFT  SIDE 
TOTAL  PRE8SURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


***  AIR  INLET  TUBE  CONDITIONS  *•* 


71,38  PSIA 
76.86  PSIA 
.63  '•MG 
431.  OEG  P 
146,86  PT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRESSUREI  ((LEFT  P-TOTAL)- (RIGHT  P-TOTAL)) 


RIGHT  SIDE 
71,41  PSIA 
71.61  PSIA 
,82  "HG 

431,  OEG  P 
131,64  FT/SEC 
-.116  "MG 


AIR  PLOH  OATAI  P-ReF"  162.7  PSIA  DELTA  P*  3.83  "HG  T-REF*  167,  DEG  P 


FUEL  SYSTEM  DATAI 

Fuel  P/m  FREQUENCY  830,  HZ 
FUEL  PRESSURE  AT  F/M  436.7  PSIA 


VOLUMETRIC  PLOH  RATE  23,68  GAL/HR 
FUEL  TEMP  AT  F/M  66,  OEG  P 


••  MISCELLANEOUS  TRANSDUCER  READINGS  •• 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  67,22  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  76.14  PSIA  (XDUCER  •  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  S.42  "HO  (XOUCER  «  13) 


*  CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SAMPLES  TAKEN  IN  PLANE  R1 
COS  2,426  X  02  17.786  X  CO  166. S  PPM 

NO  26,1  PPM  NOS  16,6  PPM  NOX  36,7  PPM 

NO  .0  PPM  NOS  ,1  PPM  NOX  ,0  PPM 

EMISSION!  INDEX,  LB/1600  L6  PUlLI  CO*  11,30 

CHEMILUMINESCENCE  NOX*  ,60,  N 


166,6  PPM  CMX  ,1  PPM 

36,7  PPM  (NO(NOIR)  *  NOS (NOUV) J 
,6  PPM  (  CHEMILUMINESCENCE  ) 
11,30  CNX*  ,61 

,60,  NDIR  *  NOUV  NOX*  4,34 


CALCULATED  PUEL/A1R  RATIO  PROM  CHEMICAL  ANALYSIS!  ,111616 

CALCULATED  COMBUSTION  EFFICIENCY  PROM  CHEMICAL  ANALYSIS!  96,6632  X 
CHECK  ON  P/A  RATIO-  P/A  a  ,611671  N/0  02,  CALCULATED  02  •  17,627  X 


SMOKE  INDEX!  2,95* 
SALTZNAN  NOX  «  46,6 


E-Z.*£,Z3 


Figure  262. 


Final  Prechamber  Liner  Modification  "A”  on  Pressure 
Atomizer  Injection  at  Nonregenerative  55%  Power. 


T03  COMBUSTOR  EXPERIMENTS  •  RIG  B/U  96,  TEST  SERIES  66,  READING  9  663 
T63  PRECHAMBER  FINAL  DESIGN,  MOD  "A"  RUN  8TD,  CYCLE  ON  PRESSURE  NOZZLE 
TEST  DATEI  7-13-72  READING  NAS  TAKEN  AT  1934132  HOURS 


CYCLE  POINT  3 


*****  EXPERIMENTAL 
2.973  LB7SEC 


BURNER  AIR  FLOW 
AVG  BURNER  INLET  PRES  80.4  PSIA 
AV6  BURNER  DELTA  P  9.26  "HG 
OVERALL  F/A  RATIO  .61677  (F/H) 

AIR  LOAD  FACTOR  1.1285 

BOT  HOT  SPOT!  9  21  •  1691,  DEG  F 
FUEL  INLET  TEMPERATURE  190.  DEG  F 


79  X  POWER  SETTING 

CONDITIONS  ***** 

AVG  BURNER  INLET  TEMP  472.  DIG  F 
AVG  BURNER  OUTLET  TEMP  1616,  OEG  P 


PRESSURE  LOSS 
FUEL  FLOW  RATE 
PATTERN  FACTOR 
MAX  BOT  /  AVG  BOT 
FUEL  INLET  PRESSURE 


HEAT  LOADING  PARAMETER  .37990E+07  BTU/HOUR/ ATM/CUBIC  FOOT 


9.66  X 
179,92  LB/HR 
.24032 
1.1702 
391.6  PSIA 


***•  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 

ID  TEMP  10  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  10  TEMP 
ANNULUS  1  2  1472. 

ANNULUS  2  4  1939. 

ANNULUS  3  9  1929.  14  1786,  17  1717,  22  1837,  29  1839,  39  1246,  39  1404. 


ID  TEMP 

6  1466.  19  1711,  19  1679,  24  1624.  27  1793,  36  1269. 

7  1673.  16  1774,  21  1891,  29  1649.  34  1312.  37  1343, 


LEFT  SIDE 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  OELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


**•  AIR  INLET  TUBE  CONDITIONS  ••• 


60.30 
79,77 
1.07 
ATI , 


PSIA 
PSIA 
"HG 
OEG  F 


149.32  FT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRESSURE!  ((LEFT  P*T0TAL)*(RIGMY  P*TOTAL)J 


RIGHT  SIDE 
89.60  PSIA 
69,11  PSIA 
.60  "MG 

472.  016  F 

124,96  FT/SEC 
*.493  "KG 


AIR  FLOW  DATA!  P.REF*  102.1  PSIA  DELTA  Pp  4,32  "HO  T*REF*  166,  DEG  F 
FUEL  SYSTEM  DATA! 

FUEL  F/M  FREQUENCY  806.  HZ  VOLUMETRIC  FLOW  RATE  29,66  6AL/HR 
FUEL  PRESSURE  AT  F/M  916,9  PSIA  FUEL  TEMP  AT  F/M  161.  DEC  F 

**  miscellaneous  TRANSDUCER  READINGS  •• 

MANIFOLO  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  7S.SS  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  79.22  PSIA  (XDUCER  9  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  9,86  "HG  (XOUCER  •  13) 


«  CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SAMPLES  TAKEN  IN  PLANE  91 


COS 

2.8S1  X 

02 

17,390  X 

CO 

161.3 

PPM 

CHX  ,1  PPM 

NO 

28, S  PPM 

N02 

19.3  PPM 

NOX 

46.1 

PPM 

(NO(NOIR)  ♦  N02CNDUV)) 

NO 

.0  PPM 

N02 

,0  PPM 

NOX 

•  6 

PPM 

{  CHEMILUMINESCENCE  ) 

EMISSIONS  INDEX,  LB/1060  LB  FUEL!  CD*  16,63  CHRP  ,61 

CHEMILUMINESCENCE  NOX*  ,00,  NOIR  *  NDUV  NQXp  4,63 


CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,613398 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  00.0629  | 
CHECK  ON  F/A  RATIO*  F/A  p  ,013443  W/0  02,  CALCULATED  02  p  17,661  t 

SMOKE  INDEX!  //.£ 

SALTZMAN  NOX  *  (*ZS  £*£•.*  «*.*-*«**** 


Figure  263.  Final  Prechamber  Liner  Modification  "A"  on  Pressure 
Atomizer  Injection  at  Nonregene rative  75#  Power. 
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res  COMBUSTOR  EXPERIMENTS  -  RIG  S/U  SB,  TEST  SERIES  SB,  READING  «  S84 
TBS  RRECHAHBER  FINAL  DESIGN,  HOD  "A*  RUN  STD,  CVCLE  ON  PRESSURE  NOZZLE 
TEST  OATEI  7»13»72  READING  NAS  TAKEN  AT  1888143  HOURS 


CTCLE  POINT  2  188  X  PONER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  FLOW  3.278  LB/SEC  AVG  BURNER  INLET  TEMP  822.  DEG  P 

AV6  BURNER  INLET  PRES  82, B  PSIA  AVG  BURNER  OUTLET  TEMP  1768.  DEG  P 

AVG  BURNER  DELTA  P  8,88  "MG  PRESSURE  LOSS  8.21  X 

OVERALL  F/A  RATIO  .81S31*  (F/M)  FUEL  PLOP  RATE  218,23  LB/HR 

AIR  LOAD  FACTOR  1,1488  PATTERN  FACTOR  .31884 

SOT  HOT  8P0TI  *  21  *  2182,  DEG  F  MAX  BOT  /  AVG  SOT  1,2224 

FUEL  INLET  TEMPERATURE  ISO,  DEG  F  FUEL  INLET  PRESSURE  487,0  PSIA 

HEAT  LOAOlNG  PARAMETER  ,41<58E*B7  BTU/HOUR/ATM/CUBIC  FOOT 

****  BURNER  OUTLET  TEMPERATURE  SURVEY  **•* 

ID  TEMP  ID  TEMP  ID  TEMP  XU  TEMP  ID  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  1  2  1888.  6  1848,  18  1032,  10  1887,  24  1081,  27  1046,  36  1342, 

ANNULUS  2  4  1684.  7  1760,  16  2880,  21  2162,  28  2876,  34  1383,  37  1418, 

ANNULUS  3  8  1628,  14  2636,  17  1818,  22  2888,  26  2881,  38  1314,  30  1867, 


PRESSURE  LOSS 
FUEL  FLOP  RATE 
PATTERN  FACTOR 
MAX  BOT  /  AVG  BOT 
FUEL  INLET  PRESSURE 


8.21  X 

216,23  LB/HR 
.31884 
1,2224 
487,0  PSIA 


ID  TEMP 


LEFT  SIDE 
total  pressure 

STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


***  AIR  INLET  TUBE  CONDITIONS  •** 


80,88  PSIA 
60,16  PSIA 
,70  "MG 
322,  DEG  F 
121,33  FT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRESSURE!  {(LEFT  P«TOTAL)« (RIGHT  P-TOTAL)) 


RIGHT  SIDE 
80,88  PSIA 
80,12  PSIA 
,04  "MB 

822,  DEG  F 
132,21  FT/8EC 
•.868  "MB 


AIR  FLOP  DATA!  P-REP*  181,7  PSIA  DELTA  P*  8,2S  "MG  T»REP*  186,  OEG  F 


FUEL  SYSTEM  DATA! 

fuel  F/H  FREQUENCY  814, 

FUEL  PRESSURE  AT  F/M  881,2 


VOLUMETRIC  FLOP  RATE  38,38  6AL/MR 
FUEL  TEMP  AT  F/M  183.  DIG  F 


*•  MISCELLANEOUS  TRANSDUCER  READINGS  *• 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  84,88  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  87,83  PSIA  (XDUCER  *  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  8.47  "HI  (XDUCER  8  IS) 


CQ2  3,884  X 

NO  48,8  PPM 

NO  ,8  PPM 

EMISSIONS  INOEX 


*  CHEMICAL  ANALYSIS  RESULTS  • 
GAS  SAMPLES  TAKEN  IN  plane  81 
02  18,888  X  CO  188,7  PPM 

NOB  8,7  PPM  NOX  88,8  PPM 

NOE  ,6  PPM  NOX  ,8  PPM 

,  L8/1888  LB  FUEL*  CO*  6,44 
CHEMILUMINESCENCE  NOX*  ,88,  N 


88.7  PPM  CMX  .8  PPM 

88.8  PPM  (NO(NOIR)  ♦  NOE(NOUV)) 
,8  PPM  (  CHEMILUMINESCENCE  1 

8,44  CMX*  ill 

,88,  N01R  *  NDUV  NOX*  4,41 


CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,814388 
CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  88,7148  K 
CHECK  ON  F/A  RATIO*  F/A  •  ,814388  M/0  08,  CALCULATED  08  •  18,881  I 

SMOKE  INOEX  I  //,0 

saltzman  NOX  •  7^9  PPM  c.r*  fe37 


REMARKS! 


F/A  Ar  by  H  Z  -  Ifmt’AJ  L |  4¥tl  fffh- 


Figure  264.  Final  Prechamber  Liner  Modification  "A"  on  Pressure 
Atomizer  Injection  at  Nonregenerative  100)6  Power. 
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TABLE  LXXV.  COMPARISON  OF  T63  NONREGEN  ERATIVE  EMISSION/COMBUSTOR 

PERFORMANCE  OF  (I)  CONVENTIONAL  T63-A-5A  COMBUSTOR 

LINER  AND  PRECHAMBER  FINAL  DESIGN  COMBUSTION  LINER 

MODIFICATION  "A"  OPERATING  ON  (2)  WALL  FUEL  FILM 

INJECTION  AND  (3)  CONVENTIONAL  PRESSURE  ATOMIZER  INJECTION 

I.  Conventional  Liner 

('vole  Point 

A.  Emissions 

.1 

6 

:> 

4 

3  j 

2 

co,  (ppm) 

092.7 

661 .  5 

495.  5 

382.9 

214.1 

74 . 7 

H/C, (PPm) 

100. 0 

37.0 

15.fi 

4.1 

0.7 

0.0 

NO  .(On-Line,  M)IR  &  NDUV)  (ppm) 

17.0 

32,0 

41.1 

45.6 

58.0 

fil.O 

NOx , (On-Li ne ,  CL) (ppm) 

17.2 

23.4 

32.6 

40.7 

56.3 

80.6 

Nox,  (Saltzman)  (ppm) 

18.5 

27.8 

37.1 

45.8 

61.3 

90.6 

Smoke  Number 

3, 

7. 

12. 

17. 

25. 

30. 

D.  Pressure  Loss  (%) 

4.63 

4.  SI 

4.  53 

4.44 

4.38 

4.14 

C.  Temp.  Profile  (T  /T  ) 

‘  '  max  a  vs' 

i.nr. 

1.142 

1.120 

1.113 

1.104 

1.065 

11.  Prechamber  Final  Liner  Mod.  "A" 

Wall  „Fuel  .Film 

A.  Emissions 

CO,  (ppm) 

162.7 

158.7 

156.7 

168.8 

166.8 

H/C,  (ppm) 

2.9 

2.6 

2.7 

.8 

2.3 

X 

NO  .(On-Line,  NDIR  &  NDUV)  (ppm)  ig.  1 

25.0 

29.3 

39.1 

49.9 

2 

£ 

NOx, (Saltzman)  (ppm) 

17.B 

25.2 

31.5 

42.4 

m 

Smoko  Number 

2.23 

4.90 

6.20 

14.3 

25.0 

5 

O 

B.  Pressure  Lo^p  (%) 

5. 98 

5.71 

5.78 

S.61 

5.39 

2 

C*  Tc*wp<  Profile  (T  /T ) 
r  '  mux  nvu 

1.221 

1.240 

1.220 

1.236 

1.312 

III.  Prechamber  Finai  Liner  Mod.  "A" 

CO,  (ppm) 

83. (S 

116.2 

135.2 

166.8 

181.3 

158.7* 

H/C,  (ppm) 

.7 

.2 

•> 

.1 

.1 

.1* 

NO  .(On-Line,  NI)IR  &  NDUV)  (ppm)  19,0 

23.1 

32.7 

38.7 

48.1 

50.5* 

N0x, (Salt amen)  (ppm) 

12.0 

24.0 

35.7 

46.6 

62.5 

72.9* 

Smoko  Number 

.00 

.00 

.00 

2.95 

11.2 

11.0* 

B.  Pressure  Lost  (#} 

3.8b 

S»  64 

3. 76 

5.83 

5.66 

5.21* 

C.  Temp.  Profile 

L.  133 

1.141 

1.154 

1.150 

1.170 

1.222* 

•Not  true  Cycle  Point  2.  F/A  was  low  due  to  high 
temperature  80T  hot  epota  (rapid  riae  in  T^^/T^ 

)• 
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Due  to  a  poor  exhaust  temperature  profile,  neither  fuel  mode  of  this 
Prechamber  liner  could  be  operated  at  100*  power  conditions.  As 
shown  in  Figure  265,  hydrocarbon  emissions  remained  below  3  ppm 
at  all  conditions.  Carbon  monoxide  emissions.  Figure  266, 
remained  about  the  same  as  in  the  initial  design  under 
pressure  atomizer  operation,  but  the  wall  film  vaporizer  injection 
mode  gave  a  significant  reduction  in  total  CO  produced.  Both  fuel 
modes  in  Modification  "A”  were  showing  very  similar  emission  levels 
and  characteristics. 

Nitrogen  oxide  emissions  were  lower  in  Modification  "A”  than  in  the 
initial  design.  As  can  be  seen  in  Figure  267,  there  was  essentially 
no  difference  in  N0X  between  the  modes  of  fuel  injection,  and  both 
sets  of  Prechamber  data  were  well  below  Conventional  T63  NGX  con¬ 
centrations.  Tltr  :  aprovement  in  the  wall  fuel  film  injection  mode 
can  easily  be  seen  in  the  CO  vs  N0X  emission  tradeoff  curves  in 
Figure  268.  As  seen  in  Figure  269,  smoke/particulates  at  the 
higher  power  operating  conditions  appeared  to  be  lessened  somewnat, 
although  the  liner  changes  in  Modification  "A"  did  not  change  the 
smoke  generating  characteristics  of  the  combustor.  From  Figure  270* 
the  degradation  in  temperature  profile  is  apparent  for  both  fuel 
injection  modes.  With  the  profile  worsening  dramatically  at  the 
higher  power  levels,  it  was  not  possible  to  obtain  any  data  at  100* 
power  conditions.  The  combustor  skin  temperatures  for  both  fuel 
modes  are  given  in  Figures  271  and  272. 

Total  emissions  for  the  Prechamber  Modification  ”A”  combustor  were 
reduced  below  those  of  the  initial  design.  Compared  to  the  Conven¬ 
tional  T63  combustor*  the  pressure  atomizer  gave  a  SS*  total  reduc¬ 
tion  with  no  constituent  increase,  and  the  wall  fuel  film  mode  gave 
a  52*  total  emission  reduction;  however,  smoke  remained  above  the 
conventional  combustor  level.  Extrapolations  of  emission  concen¬ 
trations  at  100*  power  were  made  to  permit  the  computation  of  total 
duty-cycle  emissions.  Maximum  power  emissions  accounted  for  only 
5*  of  the  cycle  operating  time;  thus  these  extrapolations,  if  con¬ 
servatively  made,  should  not  produce  misleading  total  duty-cycle 
results. 

mhUIttnton  X 

The  "Prechamber  Combustor  Liner”  was  completely  redesigned  in  Modifi¬ 
cation  ”B”.  A  new  leaner  vaporizer  tube  replaced  the  initial 
vaporizer  section.  The  airflow  splits  among  the  swirler,  reaction- 
zone  holes,  and  dilution-zone  holes  were  readjusted,  and  the  l.SO-inch 
cylindrical  section  which  had  been  added  downstream  of  the  dilution 
holes  was  removed.  This  was  not  the  "best”  Prechamber  version  based 
upon  nonregenera tive  emissions  and  combustor  performance,  but  it 
was  the  Prechamber  configuration  tested  at  regenerative  conditions, 
ambient  startup  conditions*  and  parametric  conditions.  The  hoped- 
for  improvements  in  performance  resulting  f.  om  the  design  changes 
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Figure  26$. 


Nonregene re five  T65-A-SA  Combustor 
Hydrocarbon  Emissions  Data  Comparison  for 
Ex tended -Length, Prechamber  Final  Design, 
Modification  "A"  Combustor  and  T63  Baseline 
Combustors. 
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Fifcire  266.  Hon re generative  T63-A-SA  Combustor 

Carbon  Monoxide  Emission*  Data  Comparison  for 
Extended -Length, Pre  chamber  Final  Design, 
Modification  "A"  Crmbustor  and  T63  baseline 
Combustors. 
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Figure  267.  Nonregenerative  T63-A-SA  Combustor 

Nitrogen  Oxides  Emissions  Oats  Comparison 
for  Ex tended -Length  Prechamber  Final  Design, 
Modification  "A"  Combustor  and  T63  Baseline 
Combustors . 
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Figure  271. 


Non re generative  T63-A-5A 
Combustor  Skin  Temperatures 
Prechamber  Final  Design  Combustor, 
Modification  "A”  Operating  on  Wall  Fuel  Film 
Injection. 
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Figure  272.  Nonregenerative  T63-A^5A 

Combustor  Skin  Temperatures 
Prechamber  Final  Design  Combustor, 
Modification  "A"  Operating  on  Pressure 
Atomizer  Injection. 


from  Modification  "A"  to  Modification  "B"  did  not  materialize,  but 
the  final  series  of  required  tests  was  conducted  since  there  was 
insufficient  time  for  additional  major  design  changes. 

The  nonregenerative  test  results  are  given  in  Figures  273  through 
277  for  the  Prechamber  Modification  "B"  operating  on  wall  fuel  film 
injection  and  in  Figures  278  through  284  for  pressure  atomizer 
injection.  Emission,  pressure-loss,  and  exhaust-temperature  pro¬ 
file  data  are  summarized  in  Table  LXXVI.  Prechamber  pressure 
losses  remained  1%  -  1.5%  higher  than  the  conventional  T63  combustor. 

Of  significance  was  the  major  increase  in  the  hydrocarbon  concentra¬ 
tion  when  the  combustor  was  operated  on  the  wall  fuel  film.  Concen¬ 
trations  using  the  pressure  atomizer  increased  but  were  still  very 
low,  as  is  evidenced  in  Figure  285.  Carbon  monoxide  increased 
enough  at  low-power  conditions  to  eliminate  any  chance  of  achieving 
the  50%  reduction  in  total  emissions.  As  can  be  seen  in  Figure 
286,  CO  at  idle  (10%  power)  was  reduced  by  only  one- third  when  the 
Prechamber  and  Conventional  concentrations  are  compared.  Modifica¬ 
tion  "B"  produced  an  increase  in  N0X  compared  to  the  previous  design 
when  operating  on  the  pressure  atomizer  and  showed  no  effective 
change  in  N0X  when  operated  on  the  wall  film.  From  Figure  287, rt  can 
be  seen  that  the  total  N0X  levels  produced  by  the  preliminary  "Pre- 
chamber  Combustor  Liner”  were  not  attained.  The  CO  vs  N0X  emission 
tradeoff  in  Figure  288  shows  that  the  Modification  "B”  emissions  are 
lower  than  those  produced  by  the  Conventional  combustor,  but  addi¬ 
tional  reductions  in  wall  fuel  film-produced  CO  concentrations  are 
still  required. 

The  success  of  Modification  "B”  in  reducing  smoke/particulates  when 
operating  on  the  wall  fuel  film  is  apparent  in  Figure  289.  For  the 
pressure  atomizer  fuel  mode,  however,  the  smoke  increased  to  the 
highest  levels  measured  in  a  "Final  Prechamber  Combustor”.  The  exhaust 
temperature  profiles  in  Figure  290  were  also  the  highest  of  any  of 
the  "Final  Prechamber"  configurations  operating  on  either  fuel  injec¬ 
tion  mode. 

Again, based  on  extrapolated  emissions  at  100%  power  so  that  total 
duty-cycle  emissions  could  be  computed,  the  Modification  "B"  com¬ 
bustor  operating  on  pressure  atomizer  injection  reduced  total 
emissions  by  57%  but  produced  four  times  as  much  si.ioke/particulates 
as  the  conventional  combustor  over  the  duty  cycle.  When  operating 
on  wall  fuel  film  injection,  Modification  "B”  could  reduce  the  total 
emissions  by  only  39%,  the  least  of  any  Prechamber  tested.  The 
great  reductions  in  smoke  gained  by  Prechamber  Modification  ”B" 
were  more  than  offset  by  the  large  increases  in  hydrocarbons,  which 
exceeded  the  baseline  levels  by  35%. 

Lean  blowout  data  from  idle  were  obtained  for  the  Prechamber  Modi¬ 
fication  "B"  liner.  Under  wall  fuel  film  operation,  lean  blowout 
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T6?  COMBUSTOR  EXPERIMENTS  -  RIG  B/U  67,  TEST  SERIES  77,  READING  #  883 

T63  FINAL  PRECH4MBER,  MOO  "B"  RUN  AT  STO  T63  INLET  ON  FILM  NOZZLE* 

TEST  DATE  I  B  -S-72  READING  NAS  TAKEN  AT  1748125  HOURS 

CYCLE  POINT  1  18  X  POKER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  FLOW  1.912  L8/SEC  AVG  BURNER  INLET  TEHP  381.  DEG  F 

AVG  BURNER  INLET  RKfcS  44,9  PSIA  AVG  BURNER  OUTLET  TEMP  1046,  DEG  P 

AVG  BURNER  DELTA  P  5.47  ”HG  PRESSURE  LOSS  5,P«  X 

OVERALL  F/A  RATIO  ,0ie96  (F/M)  FUEL  FLOP  RATE  75,43  LB/HR 

AIR  LOAD  Factor  1.173l  PATTERN  FACTOR  .61874 

80T  HOT  SPOT J  4  16  *  1510,  DEG  F  MAX  BOT  /  AVG  BOT  1.4411 

FUEL  INLET  TEMPERATURE  85.  DfcG  F  FUEL  INLET  PRESSURE  41,3  PSIA 

HEAT  LOAOING  PARAMETER  ,29947fc+*7  9 TO /HOUR/ ATM/CUBIC  FOOT 

***•  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 

ID  T£MP  10  TEMP  ID  TEMP  10  TEMP  ID  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  1  ?  7B6,  6  752.  15  1354.  19  1265.  24  1065,  27  969,  36  1288, 

ANNULUS  2  4  8*9.  7  777.  16  1510.  21  905.  25  948.  34  1829,  37  1333, 

ANNULUS  3  5  719.  14  1321.  17  1474,  22  926.  26  629,  35  997,  39  699, 

LEFT  SIDE  •**  AIR  INLET  TUBE  CONDITIONS  ***  RIGHT  8X0E 

TOTAL  PRESSURE  44.90  PSIA  TOTAL  PRESSURE  44,99  PSIA 

STATIC  PRESSURE  44,65  PSIA  STATIC  PRESSURE  44,66  PSIA 

VELOCITY  DELTA  P  .50  "HG  VELOCITY  DELTA  P  ,64  *HG 

AIR  TEMPERATURE  301.  DEG  F  AIR  TEMPERATURE  381,  DEG  F 

AIR  VELOCITY  119.39  FT/SEC  AIR  VELOCITY  135,77  FT/SEC 

DIFFERENTIAL  PRESSURE!  {(LEFT  P-TOTAL)»(RIGHT  P-TOTAL))  -.193  "HG 

AIR  FLOW  DATA!  F-RfcF.  105,4  PSIA  DELTA  P*  1,64  »HG  T»REP*  81,  DEG  f 

fuel  SYSTEM  OATA! 

FUEL  F/M  FREQUENCY  27B,  HZ  VOLUMETRIC  FLOW  RATE  12,12  GAL/HR 

FUEL  PRESSURE  AT  F/M  233,2  PSIA  FUEL  TEMP  AT  F/H  85,  OEG  F 

**  MISCELLANEOUS  TRANSDUCER  READINGS  *« 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  42,26  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  44,11  PSIA  (XDUCER  8  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  5,37  »HG  (XDUCER  8  13) 


*  CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SAMPLES  TAKEN  IN  PLANE  «1 


C02 

1.817 

X 

02  18.900 

X 

CO 

619,2 

PPM 

CHX  148,0  PPM 

NO 

4.2 

PPM 

N02  8.1 

PPM 

NOX 

12.2 

PPM 

(NO (NOIR)  4  N08 (NOUV) ) 

NO 

5,3 

PPM 

N02  6,5 

PPM 

NOX 

12,0 

PPM 

(  chemiluminescence  ] 

EMISSIONS 

INDEX 

,  LB/1000  LB 

FUEL!  CO* 

55,23 

CHX*  19,66 

CHEMILUMINESCENCE  NOX*  1,76,  NOIR  *  NOUV  MOX*  1,79 


CALCULATED  PUEl/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,116998 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS  I  96,8646  X 
CHECK  ON  F/A  RATIO-  F/A  *  .809201  W/0  02.  CALCULATED  08  ■  11,488  X 

SMOKE  INDEX!  0>IC 

SALTZMAN  NOX  •  IQ, £  PPM 


Figure  273.  Final  Prechamber  Liner  Modification  "B"  on  Wall  Fuel 
Injection  at  Nonregenerative  10%  Power. 


T63  CDM0OSTO*  EXPERIMENTS  -  PIG  B/U  67,  TEST  SERIES  77,  REAOING  *  SI4 
T63  Final  PBECHAMBEP,  MOO  "B«  RUM  AT  STB  T63  INLET  ON  PILM  NOZZLE. 

TEST  DATE?  8  -8-72  READING  NAS  TAKEN  AT  1816140  HOURS 


cycle  point 


29  X  POWER  SITTING 


experimental  CONDITIONS  ***** 


BURNER  AIR  PLOW  2.160  LB/SEC 

AVG  BURNER  INLET  PRES  94,7  PSIA 
AVG  BURNER  DELTA  P  9,74  "HG 
OVERALL  F/A  RATIO  ,P1200  (P/M) 

AIR  LOAD  FACTOR  1,1366 

BUT  HOT  SPOT  I  *  17  *  1633.  DEG  P 
FUEL  INLET  TEMPERATURE  88.  DEG  P 
MEAT  LQAOING  PARAMETER  ,3S726E*07 


AVG  BURNER  INLET  TEMP  394, 
AVG  BURNER  OUTLET  TEMP  1204, 


PRESSURE  LOSS  S.1S 
FUEL  PLOW  RATE  94,19 
PATTERN  FACTOR  .90893 
MAX  BOT  /  AVG  SOT  1,3970 
FUEL  INLET  PRESSURE  90,9 


BTU/HOUR/ATM/CUBIC  FOOT 


DEG  F 
DEG  F 
X 

lb/hr 


PSIA 


•**»  BURNER  OUTLET  TEMPERATURE  SURVEY  ***» 

ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  10  TEMP  10  TEMP  ID  TEMP 
AnnuLUS  1  2  994.  6  970,  IS  14S3,  19  1406,  24  1237,  27  1041,  36  1471, 
ANMJLUS  2  4  1033.  7  998,  16  1626,  21  1047,  29  1039,  34  1234,  37  1943, 
ANNULUS  3  9  906.  14  1491,  17  1633,  22  1031,  20  924,  39  1210,  39  999, 


LEFT  SIDE 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


*•*  AIR  INLET  TUBE  CONDITIONS  *** 


94,64  PSIA 
54,90  PSIA 
,28  »HG 
394,  DEG  P 
84,67  FT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRfeSSUREl  ((LEFT  P-TOTAL)-(RIGHT  P-TOTAL)) 


RIGHT  SIDE 
94,78  PSIA 
94, 4S  PSIA 
.50  ”H0 

394,  0K6  P 

119,26  PT/SEC 
-.234  "HG 


AIR  FLOW  DATA  I  P.ReF*  104,6  PSIA  DELTA  P*  2,13  "HG  T-REP*  S3.  0E6  P 
FUEL  SYSTEM  OATAl 

fuel  p/m  frequency  347.  hz  volumetric  plow  mate  19,10  cal/hr 

FUEL  PRESSURE  AT  P/M  223.7  PSIA  FUEL  TEMP  AT  F/H  IS,  OE0  F 

*•  MISCELLANEOUS  TRANSDUCER  READINGS  •• 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  91,81  PIIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  93,71  PSIA  (XOUCER  «  11) 

0URNER  DIFFERENTIAL  TOTAL  PRESSURE  9,02  "H6  (XOUCER  #  13) 


*  CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SAMPLES  TAKEN  IN  PLANE  «1 
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(  CHEMILUMINESCENCE  ) 

EMISSIONS  INOCX,  LB/1BS6  L0  PUlLl  CO*  23.91  CHX*  8,13 

CHEMILUMINESCENCE  NO!*  2.46,  NDIR  ♦  NOUV  NOX*  2.31 


CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIll  ,110301 

CALCULATED  CQM0UITION  EFFICIENCY  FROM  CHEMICAL  ANALYSIll  21.7717  I 
CHECK  ON  F/A  RATIO-  P/A  a  ,010800  W/0  02.  CALCULATED  01  *  17,272  X 

2N0KE  INDEX  I  l.&Z 

•ALTINAN  NOX  •  PPM 


Figure  274.  Final  Prechamber  Liner  Modification  "B"  on  Wall  Fuel 
Injection  at  Nonregenerative  25*  Power. 
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T63  ComBUSToR  EXPERIMENTS  -  RIG  8/U  67,  TEST  SERIES  77,  READING  *  SS8 
T63  FINAL  PRECHAMBfcR,  MUD  "8"  RUN  AT  STO  T63  INLET  ON  FILM  NOZZLE, 

TEST  DATE!  8  -8-7?  READING  NAS  TAKEN  AT  1848116  HOURS 


CYCLE  POINT 


EXPERIMENTAL 


BURNER  AIR  FLOW  2,323  LB/SEC 

AVG  BURNER  INLET  PRES  54,1  PSIA 

AVG  BURNER  DELTA  P  7,73  »HG  PRESSURE  LOSS 

OVERALL  F/A  RATIO  ,01310  (P/P)  FUEL  FLOW  RATE 

AIR  LOAO  FACTOR  1,1331  PATTERN  FACTOR 

HOT  MOT  SPOT  1  •  16  ■  1689.  4  DEG  F  PAX  BOT  /  AVG  BOT 

FUEL  INLET  TEMPERATURE  90,  DEG  F  FUEL  INLET  PRESSURE 

NEAT  LOADING  PARAMETER  .331106*07  BTU/HOUR/ATM/CUBIC  FOOT 


PSIA 

»HG 

(F/P) 


40  X  POKER  SETTING 

CONDITIONS  ***** 

AVG  BURNER  INLET  TEMP  399.  0E6  F 
AVG  BURNER  OUTLET  TEMP  1397,  DEG  F 


5.98  X 

US. 99  LS/HR 
,39136 
1.8768 
SB, 4  PSIA 


ANNULUS  1 
ANNULUS  2 


****  BURNER  outlet  TEMPERATURE  SURVEY  ***« 

ID  TEMP  10  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  10  TEMP  ID  TEMP 

2  1181,  9  1133.  13  1326,  19  14B9.  24  1435.  87  1319,  38  1403, 

4  1166.  7  1148.  16  1669.  21  S 1 10.  29  1323.  34  1322,  37  1439, 


ANNULUS  3  5  1041.  14  1444,  17  1611,  22  1164,  28  1243,  39  1380,  39  1861, 


LEFT  SIDE 
TOTAL  PRESSURE 
STATIC  PRE3SURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


•**  AIR  INLET  TUBE  CONDITIONS  •** 


64.09  PSIA 
63.66  PSIA 
,87  "MG 
399,  DEG  P 
140.37  FT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  OEUTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


RIGHT  SIOE 
64,17  R8IA 
83.94  PSIA 
,47  »HS 

399.  DEG  P 
102.97  FT/SEC 
-.179  "MS 


DIFFERENTIAL  PRESSURE  1  ((LEFT  P-TOTAL>-(RXGHT  P-TOTALU  -.179  "MS 
AIR  FLOW  OaTai  P-RfcF*  103,7  PSIA  OELTA  P*  2,93  "MG  T-REP*  12,  DES  F 


fuel  system  oatai 

fuel  f/h  frequency  430. 

FUEL  FRE8SURE  AT  F/M  213,9 


VOLUMETRIC  FLOW  RATE  19,17  SAL/HR 
FUEL  TEMF  AT  F/M  99,  0E8  F 


•*  MISCELLANEOUS  TRANSDUCER  REAQXN6S  ** 

MANIFOLD  average  SURNER  OUTLET  total  PRESSURE  61,33  PSIA 

C0M8UST0R  OUTER  CASE  STATIC  PRESSURE  62,98  PSIA  (XDUCER  «  11) 

SURNER  DIFFERENTIAL  TOTAL  PRESSURE  7,68  ”HS  (XOUCER  «  13) 


«  CHEMICAL  ANALYSIS  RESULTS  • 
GAS  SAMPLES  TAKEN  IN  PLANE  «1 
COS  2.401  X  C2  17,900  X  CO  187,8  PPM 

NO  14. S  PPM  NU2  12,3  PPM  NOX  17,1  PPM 

NO  16,6  PPM  NOS  6*9  PPM  NOX  27,6  PPM 

EMISSIONS  INDEX,  LR/1F6P  LB  FUEL!  CO*  9,83 

CHEMILUMINESCENCE  NOX*  3,31,  N 


187,8  PPM  CMX  8,8  PPM 
87,1  PPM  INO(NDZR)  ♦  NOI(NDUV)} 
87,6  PPM  I  CHEMILUMINESCENCE  ) 
8,83  CMX*  1,16 

3,31,  NOIR  ♦  NDUV  NOX*  3,18 


CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,611418 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  88.8881  8 
CHECK  ON  F/A  RATIO-  F/A  ■  .811948  M/0  08,  CALCULATED  08  •  17,846  8 

SMOKE  INOEXI  0.9(0 

lALTZNAN  NOX  •  30.Q  7PM 

Figure  27S.  Final  Prechamber  Liner  Modification  nB"  on  Wall  Fuel 
Injection  at  Nonregeneratlve  40%  Power. 
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T03  COMSUSTOW  EXPERIMENTS  •  RIG  B/U  07,  TEST  SERIES  77,  READING  «  106 

T03  PINAL  PRECMAHPER,  MOO  “0"  RUN  AT  STP  T6J  INLET  ON  FILM  NOZZLE. 

TEST  DATE!  0  -0-72  REAOlNG  NAS  TAKEN  AT  1922122  HOURS 


CYCLE  POINT  4 


55  X  POnttR  SITTING 


EXPERIMENTAL  CONDITIONS  ***** 


BURNER  AIR  FLO*  2.710  LB/SEC 

AVG  BURNER  INLET  PRES  79.0  PSIA 
AVG  BURNER  DELTA  P  8,34  "MG 
OVERALL  P/A  RATIO  ,01400  (F/M) 

AIR  LOAO  FACTOR  1,1414 

BOT  MOT  SPOT!  i  17  •  1863,  OEG  P 
FUEL  INLET  TEMPERATURE  91.  DEG  P 
MEAT  LOADING  PARAMETER  ,35«93E*|7 


AVG  BURNER  INLET  TEMP  430.  OEG  P 
AVG  BURNER  OUTLET  TENP  1444.  OEG  P 


PRESSURE  LOSS 
FUEL  FLOP  RATE 
PATTERN  FACTOR 
MAX  BbT  /  AVG  BOT 
FUEL  INLET  PRESSURE 
BTU/MOUR/ ATM/CUBIC  FOOT 


5.70  X 

142.44  LS/HR 
.41274 
1.2090 
07,0  P81A 


****  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 

10  TEMP  10  TENP  ID  TEMP  10  TEMP  10  TEMP  ID  TEMP  10  TEMP 
ANNULUS  1  2  1344,  6  1245.  15  16S3.  19  155S,  24  152S.  27  .  3S  1867. 
Annulus  2  4  1307.  7  1275.  IS  164S,  2i  1200,  28  1436,  34  18«4,  37  1812, 
Annulus  3  5  1153.  14  164S,  17  1S6S.  22  1202.  20  1356,  35  147S,  SO  1170, 


LEFT  SIDE 
TOTAL  pressure 
STATIC  PRESSURE 
VELOCITY  DELTA  p 

AIR  temperature 

AIR  VELOCITY 


**•  AIR  INLET  TUBE  CONDITIONS  *** 


70,77  PSIA 
70,44  PSIA 
.07  "MG 
430,  OEG  F 
110,30  FT/SCC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  OELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRESSURE!  {(LIFT  P-TQTAL)* (MIGHT  P-TOTAL)] 


RIGHT  SIDE 
70,05  PSIA 
70,85  PIIA 
,88  "MG 

438,  OEG  P 
113,28  PT/IBC 
-.182  •MO 


AIR  PLON  DATA!  P-REF"  103.4  PSIA  OELTA  P*  3,30  "MG  T-REF*  SI,  DEC  P 


fuel  system  oatai 

fuel  ft M  FRIOUENCY  528, 

FUEL  PRESSURE  AT  P/M  207,3 


VOLUMETRIC  PLON  RATE  22,90  8AL/MR 
FUEL  TEMP  AT  P/N  Of,  DU  P 


••  MISCELLANEOUS  TRANSDUCER  REAOlNiS  h 
MANIFOLD  average  BURNER  OUTLET  TOTAL  PRESSURE  00,71  F*ZA 
COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  60,3«  PSIA  OOUCER  «  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  i.li  •Ht  CXOUCIR  •  IS) 

*  CHEMICAL  ANALYSIS  RESULTS  * 

gas  sampled  taken  in  plane  ri 


COS  2*625  X  02  17,49*  %  CO 

NO  1S.3  PPM  NOt  17, t  PP*  NOX 

NO  24,0  PPM  NOR  1«,S  PPM  NOX 

EMISSIONS  INDEX,  Ll/1000  L0  FUEL*  CO* 
CMEH1LUNINESCENCE  NOX* 


106, t  PPM  CNX  7,8  PPM 

38.1  PPM  (NO(NOIR)  ♦  NOICNOUV)! 

41.1  PPN  {  CHF.HlLUNZNftCtNCK  ) 

11,21  CHX*  ,70 

4,84,  NOIR  ♦  NP;  V  NOX*  3.H 


CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALTSISI  ,•18877 

CALCULATED  COMBUSTION  EFFICIENCY  PROM  CHEMICAL  ANALYSIS!  *8,5083  8 
CHECK  ON  P/A  RATIO*  P/A  •  rRlMlf  N/0  02,  CALCULATED  02  •  !7,tlf  i 

•MOKE  INOI* ;  0.// 

SALTiMAN  NOX  *  39,5  PPN 


Figure  276. 


Fin*i  PrecHanber  Liner  Modification  nfi*  on  Well  Fuel 
Injection  et  Nonregeneretive  S5JG  Power. 
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T63  COMBUSTOR  EXPERIMENTS  -  RIO  6/U  67,  TEST  SERIES  77,  READINS  R  SS7 
T63  PINAL  PRECHAMPfcR,  mQO  "B"  RUN  AT  STO  T63  INLET  ON  FILM  NOZZLE. 

TEST  DATE!  6  -B-72  READING  NAS  TAKEN  AT  I849I2A  HOURS 


CYCLE  point 


78  X  POKER  SETTINO 


*****  EXPERIMENTAL  CONDITIONS  ***** 


BURNER  AIR  FLOW  3.03S  LB/SEC 

AV6  BURNER  INLET  PRES  80,0  PSIA 
AV6  BURNER  DELTA  P  0,96  "MG 

OVERALL  F/A  RATIO  ,flfl60  (F/M) 
AIR  LOAO  FACTOR  1,1*43 

BOT  HOT  SPOT!  «  17  •  2492,  DEC  F 
FUEL  INLET  TEMPERATURE  02.  DE6  F 
NEAT  LOAOINO  PARAMETER  ,4R017E*07 


AVti  BURNER  INLET  TEHP  470, 
AVG  BURNER  OUTLET  TEHP  1011, 


pressure  LOSS  9,S1 

FUEL  PICK  RATE  1B1.3B 
PATTERN  FACTOR  .3SS4S 
MAX  SOT  /  AVG  SOT  1,2737 
FUEL  INLET  PRESSURE  79, S 


8TU/H0UR/ATN/ CUBIC  FOOT 


OIS  P 
0E6  F 
X 

LS/HR 


PSIA 


ANNULUS  1 
ANNULUS  2 
ANNULUS  3 


•*«*  BURNER  OUTLET  TEMPERATURE  SURVEY  **•* 

10  TEMP  10  TERR  10  TENP  10  TEPP  10  TEHP  10  TEHP  10 

2  1470,  6  1371,  IS  1871,  If  1118,  14  1713.  17  1401,  36 

4  1439,  7  1410,  is  2032.  21  1217,  29  1004.  34  1711,  37 

5  1271,  14  1091,  17  2092,  22  13SB,  IB  1418,  39  1994,  31 


TEHP 

1893. 

1844. 

1104, 


LEFT  SIDE 
TOTAL  PRI9SURE 
STATIC  PRESSURE 
VELOCITY  OELTA  P 
AIR  TEMPERATURE 


•••  AIR  tNLET  TUBE 
SS,S3  PSIA 
Si, 94  PtI A 
.90  "MS 
470,  OEG  P 


AIR  VELOCITY  100,70  PT/tEC 

DIFFERENTIAL  PRESSURE!  ((LEFT  P»TO?AL> 


CONDITION!  *** 
TOTAL  PRIISURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIN  TEMPERATURE 
AIR  VELOCITY 
•(RIGHT  P.T0TAL11 


RIGHT  9101 
80.00  P0IA 
10,33  PtIA 
1,19  "H8 

470,  016  P 

149,16  FT/SEC 
-.132  *H6 


AIR  FLOR  DATA!  P«RfP*  103,0  PSIA  DELTA  Pp  4,»«  "H6  T.*EM  70,  DEE  P 
FUEL  SYSTEM  OATA! 

FUEL  P/H  FREQUENCY  071,  Ml  VOLUMETRIC  PLON  RATE  26,66  6AL/HR 

PUCL  PRESSURE  AT  P/M  1S0.S  PSIA  FUEL  TEMP  AT  P/M  S3,  OES  F 

••  MISCELLANEOUS  TRanSOUCER  REAOINSS  •• 

MANIFOLO  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  78,17  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  76*76  PSIA  (MOUCER  t  11) 

IURnER  OtPPCRtNTtAL  TOTAL  PRESSURE  6.46  *HS  (XOUCfit  6  13) 

•  CHEMICAL  ANALYSIS  RESULTS  • 
gas  samples  taken  in  plane  «t 

cot  2,993  X  02  IS.SSS  X  CO  17S.S  PPM  CNX  «,t  PPM 
NO  31,3  PPM  Not  IS. I  PPM  NOX  Sl.l  PPM  (NOCNOIR)  *  N0I(M0UV)1 

NO  37,3  PPM  NOt  13,1  PPM  NOX  96,1  PPM  (  CHEMILUMINESCENCE  ) 

EMISSIONS  INDEX,  Lt/lSSS  LS  PuEtl  CO*  1S.3S  CNX*  ,|f 

chemiluminescence  NOl*  0,14,  Nets  *  NOUV  NOX*  i.SI 

CALCULATED  FUEl/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,614666 

CALCULATE®  COMBUST  ION  EFFICIENCY  PROM  CHEMICAL  ANALYSIS*  66*6616  I 
CHECK  ON  P/A  RATIO*  P/A  •  ,614166  N/0  06,  CALCULATED  06  «  16.676  S 

SNORE  INOERI  3.24* 

saltznan  nox  •  55,3  ppm 


Figure  277.  Final  Prechambar  Linar  Modification  "S*  on  Wall  Fual 
Injection  at  Nonregenarative  75#  Power. 
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T63  CnHSUSTOR  EJtPMI*ENT$  •  MIG  6/U  67,  TEST  StdIES  76,  READING  •  MG 
T63  FINAL  PRECHaHHER  HOD  »B"  RUN  8TO  T63  INLET  COND,  ON  PRESSURE  NOZZLE 
TEST  DATE i  8  *8*72  READING  NAS  TAKEN  AT  1111186  HOURS 

CTCLl  POINT  1  IS  X  ROMER  SETTING 

•  *•**  EKRERIHENTAL  CONDITIONS  ***** 

BUHNER  AIR  FLO*  1.855  LB/SEC  AvG  BURNER  INLET  TEHR  3S1.  DEG  F 

AVG  BURNED  INLET  PRES  44. A  RSM  AVG  BURNER  OUTLET  TERR  1668.  OEG  R 

AVG  BURNER  OELTA  P  5,17  »NG  PRESSURE  LO.  J  8,76  S 

OVERALL  F/A  RATIO  .R1R04  (F/N)  FUEL  FLOG  RATE  73, 63  LB/HR 

A 1*  LOAD  FACTOR  1.1486  PATTERN  FACTOR  ,34688 

SOT  HOT  SPOT  I  A  16  *  1321,  OEG  F  MAX  BQT  /  AVG  SOT  1,8438 

FUEL  INLET  TEMPERATURE  83,  DEG  F  FUEL  INLET  PRESSURE  183,3  R8XA 

HEAT  LOADING  PARAMETER  .88256E+S7  BTU/NCUR/ATM/CUBIC  FOOT 

•*•*  BURNER  outlet  temperature  survey  •*•• 

ID  TE*-P  10  TCNR  ID  TlMR  JO  TEMR  10  TERR  JO  TERR  10  TSRR 
annulus  1  2  973,  6  V66.  18  1233,  18  1147,  84  1186,  87  1847,  36  1178, 

ANNJLUS  2  4  9*2.  7  932,  16  1321.  81  I68,  88  19*8.  34  1149.  37  1387, 

ANNULUS  3  5  839.  14  1168,  17  1246,  22  636,  26  988,  38  1*77,  38  884, 

left  side  •••  air  inlet  tube  conditions  •••  right  *ioe 

total  PRESSURE  44,63  RSIA  TOTAL  PRESSURE  44.88  RIIA 

STATIC  PRESSURE  44,34  RSIA  STATIC  PRESSURE  44,11  RSIA 

VELOCITY  delta  p  .38  "NG  VELOCITV  OELTA  R  ,67  •MG 

AIR  TEMPERATURE  361,  OEG  F  AIR  TEMPERATURE  361,  DCS  F 

AJR  VELOCITV  168.42  FT/SfC  AJR  VELOCITV  136,14  FT/SEC 

DIFFERENTIAL  RRtSSORfl  ((LIFT  P»TOtAL)» (RIGHT  R-T0TAL)!  ••836  *HS 

AIR  FLOn  UATaI  P-RF.F*  145,8  *Sl*  OELTA  R*  1,68  "*6  T»RfF*  S3,  QtG  F 

fuel  system  uatm 

Fuel  F/m  FREQUENCY  fSS,  N|  VOLUMETRIC  FlON  RATE  11,7*  SAL/NR 

fuel  rnessure  at  f/n  *9»#4  rsia  fuel  tehr  at  f/m  S3,  Of*  f 

••  MISCELLANEOUS  TRANSDUCER  READINGS  •• 

MANIFOLO  average  BURNER  outlet  total  RRISSURE  48,88  Pits 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  43.SS  rsia  (ioucir  •  in 

BURNER  DIFFERENTIAL  total  PRESSURE  8.18  *n|  (IOuCER  R  II) 

•  Chemical  analysis  results  • 

GAS  SAMPLES  TAKEN  X»'  PLANE  *1 

COS  2.634  t  0>  1S.46S  8  CO  ISS,7  PPM  CMS  11.9  PPM 

NO  4,8  PPM  N08  6.6  PPN  *0«  11,7  PPM  (NO(mOIR)  ♦  NOKNOUVJJ 

NO  *,|  PPM  N0»  f,«  PPM  NOK  16*6  PPN  (  CHEMILUMINESCENCE  I 

emission*  inoeI'  lG/imrb  ls  fuels  co*  ib,*i  cm**  t,ss 

CMIMILUMINESCENCE  N0«*  1,86,  NOXR  •  NOUV  N01*  1,7* 

CALCULATED  FUCL/AIR  RATIO  FROM  CHEMICAL  ANALYSISt  ,88*717 

CAtCULATIO  COmswSTION  EFFICIENCY  FROM  CMlMtCAL  ANALYlfll  *6,4*76  I 
CHECK  ON  F/A  RATIO*  F/A  i  ,8666**  6/0  Of,  CALCULATES  0*  i  18,188  t 

smoke  iNOCXi  T/3 

salyzman  moi  •  y^,3  ppm 


Figure  278.  Final  Pre  chamber  Liner  Hodificatlon  **i"  on  Pressure  A  ton  iter 
Injection  at  Monregeneretlve  10%  Power. 
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T63  COMBUSTOR  CXRfcMIMENTS  -  RIG  B/U  67,  test  SERIES  76,  reading  «  S0B 
Tea  final  potCH*MBfcR  hoo  m*  nun  std  Tea  inlet  cono,  on  pressure  nozzle 

TEST  DATE |  ft  .6-7?  READING  PAS  TAKEN  AT  113S184  HOURS 

CYCLE  POINT  6  88  X  PONER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  FLO-  2.246  LB/SEC  AVG  BURNER  INLET  TEMP  385.  OEG  P 

AVG  BURNER  INLET  PRES  84, 6  PSJA  AVG  BURNER  OUTLET  TEMP  I8SS.  OEG  P 

A Vu  BURNER  DELTA  P  6.37  *NG  PRESSURE  LOSS  3.73  X 

OVERALL  F/A  RATIO  .01811  (F/P)  FUEL  FLOP  RATE  07*01  LI/HR 

AIR  Lfl*0  FACTOR  1.1736  PATTERN  FACTOR  ,38604 

HOT  HOT  SPOT!  •  16  •  1476.  DEO  P  MAX  SOT  /  AVG  SOT  1.2317 

FUEL  INLET  TEMPERATURE  69.  DEG  P  FUEL  INLET  PRESSURE  083.7  PSXA 

NEAT  LOADING  PARAMETER  .316961**7  BTU/MOUR/ATN/CUBIC  POOT 

**»•  PURSER  OUTLET  TEMPERATURE  SURVEY  **** 

10  TEPP  10  TEMP  ID  TEMP  ID  TIPP  ID  T|MP  ID  TEMP  10  TEMP 
ANhULUS  1  2  1134,  6  1695,  15  1357,  10  1864,  84  1340,  07  USB,  30  1310, 

ANNULUS  8  4  11*8.  7  1463.  16  1476.  81  068.  8S  1802.  34  ltOl.  37  1375, 

ANMULUS  3  5  066.  14  1877,  \7  1483,  88  1107.  16  Utl,  38  It«3,  St  083, 

LEFT  SIDE  •••  AIR  INLET  TUBE  CONDITIONS  •**  RIGHT  SlOt 

TOTAL  PRESSURE  34,80  P$1A  TOTAL  PRESSURE  84,00  PSXA 

it AT IC  PRESSURE  94,36  PSXA  STATIC  PRESSURE  84,43  PSXA 

VELOCITY  DEcTA  P  ,44  «NG  VELOCITY  DELTA  P  ,34  "MS 

AIR  TEMPERATURE  399.  OEG  F  AIR  TCPPERATURE  388,  0(6  P 

AIR  VELOCITY  lP9.lt  PT/lfC  AIR  VELOCITY  S3, 88  PT/SEC 

DIFFERENTIAL  PRESSURE*  ULtFT  P-TOTAL)*t»lGNT  P-TOTALH  *,888  “MS 

SIR  FLO*  OATAI  P.RtF*  1*3.6  P8|A  DELTA  P*  8,31  -MS  T-I|F>  II,  OCS  f 

PUEl  SYSTEM  OATAI 

PUtL  P/M  PREGUENCY  3SS.  PZ  VOLUMETRIC  FLOP  RATI  18,73  SAL/HR 

FULL  PRESSURE  AT  F/P  (66.6  PI!A  FUEL  TEMP  AT  P/M  86,  0(6  P 

*•  MISCELLANEOUS  TRANSDUCER  RlAOtHSS  *• 

MANIFOLD  average  BURNER  OUTLET  TOTAL  PRESSURE  Si, §7  P8IA 

COMSUSTop  OUTER  CASE  STATIC  PRESSU6I  53.71  PStA  (lOUCI*  4 11) 

•UMNEt  OIPPEREMtiAL  TOTAL  PRESSURE  8,3#  *H0  (XOUCfR  R  it) 

•  CHEMICAL  ANALYSIS  RESULTS* 

GAS  SAMPLES  Taken  in  PLANE  «| 

cot  I.8S4  X  Ot  14,411  I  CO  17 ,8  PPM  CM*  1.4  PPM 

NO  I8.M  PPM  NO*  7,8  PPM  NOX  ti.S  PPM  (NO(NOIP)  ♦NOt(NOUO) 

NO  IS, 3  PPM  Not  ,B  PPM  NOX  18,8  PPM  I  CHEMILUMINESCENCE  ) 

1*16*10*1  iNOf*,  ls/isrv  lb  fuel i  cor  7,ss  cm**  ,tt 

CMEMlLUMlRESClRCf  NOX*  8.87,  *01*  *  NOUV  NOX*  8,SS 

CAlCULATCO  PutL/AlR  RATIO  PROP  CHEMICAL  AN ALTAI! I  ,018616 

CALCULATE*  fQMRUSTlON  EFFICIENCY  PROM  CHEMICAL  AMALT0I4*  60.7013  t 
CHECK  on  P/a  RATIO*  P/A  •  ,010086  M/0  08.  CALCULATED  01  •  17,8*4  S 

SMOKE  INOf**  /i// 

•AlTIMAN  NOt  ■  2lt 7  TP* 


Figure  4*79.  Finol  Pre chamber  Liner  Hod!  fleet  ion  *•"  on  Pressure  Atomiser 
Injection  at  Monregeneretlve  2591  Power. 
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T63  C0«8U3Tok  Em«IMENTS  •  RIG  b/U  6 7,  TEST  SERIES  78,  READING  *  SGI 
T*3  FINAL  PRfcCHANBfR  HUO  "8"  RUN  STD  TS3  INLET  CQNO.  ON  PRESSURE  NOZZLE 
TEST  DATE  I  4  -8*72  REAPING  NAS  TAKEN  AT  1316146  HOURS 


CTCLE  POINT  3 

*****  EXPERIMENTAL 
BURNER  AIR  PL04  8.614  L8/SEC 

arc  burner  inlet  pres  *3,2  psia 

AVD  BURNER  OELTA  P  7,28  »M6 

OVERALL  E/A  RATIO  ,*1316  (F/f) 

AIR  LOAD  EACT0«n63P48(i,R«p 
B0f  NOT  SPOT  I  *  16  •  1 6*9,  DEG  F 
FOIL  INUT  TfNPERATtiRE  69.  OEG  F 
NEAT  LOADING  PARANETER  ,33818fc*f7  6 


49  X  PQNER  SETTING 

CONDITIONS  ***** 

AVG  BURNER  INLET  TENP  396,  DEG  F 
AVG  BURNER  OUTLET  TEMP  1399.  DEG  f 
PRESSURE  LOSS  9. 06  X 

FUEL  FLOm  RATE  119.97  LS/HR 

PATTERN  FACTOR  ,33991 

HAX  BOf  /  AVG  SOT  1.3393 
FUEL  INLET  PRESSURE  399.4  PSIA 
.f/HOUR/ATN/CUBIC  FOOT 


•**•  BURNER  OUTLET  teppirature  survey  •*•• 


ID  UMP 

10 

TEMP 

ID  TEMP 

10  TEMP  ID  TEMP 

ID 

TEMP  10 

TEMP 

ANNULUS  1  3  1269, 

6 

11)«, 

19  1317, 

19  1349,  34  1459, 

37 

18IS,  36 

1493. 

ANNULUS  2  4  1293, 

7 

1163, 

16  1649, 

31  193; ,  38  1337. 

94 

1344,  37 

1943, 

ANNULUS  3  3  1 Jtf 4, 

14 

1376, 

17  1394, 

33  1*61,  36  1399, 

39 

1311,  39 

1993, 

LEFT  SIDE 

•  •* 

AIR 

INLET  TU8E 

CONOITIONS  ••• 

RIGHT  SIDE 

TOTAL  PRESSURE 

S3. 14 

PSIA 

TOTAL  PRES3U9E 

63,39 

Pits 

ST*  TIC  PRESSURE 

62,73 

PSIA 

STATIC  PRESSURE 

63,98 

PSIA 

velocity  delta 

.63 

•MG 

VELOCITY  DELTA  P 

.96 

•NS 

AIR  lENPEMATuRE 

396. 

OEG  F 

AIR  TEMPERATURE 

396, 

OEG  F 

aim  velocity 

137,73 

FT/SEC 

AI«  VELOCITY 

188, SS 

FT/IEC 

OIAFEREnTIAL  PNE&SURF.I 

UlIFT  P-TOTALWRI&mT  P-TOTAL)) 

•.its 

•HG 

At«  FLO-  DATA*  F-R|F* 

144, a 

PSIA  DELTA  P*  .89  m*6 

T.«|F*  69, 

DIG  P 

fuel  system  oatai 

FUtL  F/H  FMiautNCY 

438, 

*Z 

volumetric  flor  rate 

19.17 

SAL/HR 

FUEL  PRESSURE  At  F/** 

49R.7 

PSIA 

fuel  temp  AT  F/k 

•9* 

on  f 

••  MISCELLANEOUS  TRANSDUCER  READINGS  it 
PANirouu  average  burner  outlet  total  pressure  sb.sa  psia 

COMBUST ON  OUTER  CASE  STATIC  PRESSURE  *1,99  PSIA  (XOUCIft  R  11) 

9URNER  DIFFERENTIAL  Total  PRESSURE  7,13  “MG  IlOuCf*  #  19) 

•  CHEMICAL  ANALYSIS  RESULTS  • 

gas  samples  taken  In  Plane  *1 


cot 

i.m  x 

t» 

iS.SBi 

X 

CO 

99.9 

PPM 

CM!  ,9  PPM 

NO 

tf.S  PPM 

NO* 

6,9 

PPM 

NOI 

39, « 

PPM 

iMOCNOf *'  *  wr'2(N0UV)l 

NO 

34,3  PPM 

N0» 

3,6 

PPM 

NOX 

49.1 

PPM 

I  CMtMLUMlRClCtNCt  1 

EMISSIONS  INDEX,  LB/19R*  L«  FulL t  CO*  6,4#  CMS*  .99 

CmEmIlumInESCEnCE  NOl*  4,91*  NO|R  ♦  NOUV  NOI*  1.99 

CALCULATED  FUEL/AIR  RATIO  FROP  CmEPICAL  ANALYSI9I  ,913999 

CALCULATED  C0M9LST10N  EFFICIENCY  no*  CNINICAL  ANALYSIS!  99,9119  I 
CHECK  ON  F/4  RATIO-  F/i  *  ,913319  "/OIK,  CALCULATED  Ot  •  13,441  X 

SMOKE  1N0EIS  /*** 

SAlTZhar  nOi  •  PPP 


figure  280.  final  Pre chapter  Liner  Modification  **8*'  on  Pressure 
Atoaizer  Injection  at  Nonreganarative  40%  Power. 
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H3  CO*iiUSTO*  fxPEkjHF.NTS  -  NIG  P/U  67,  TEST  StRIES  78,  READING  •  892 
T63  final  PBEChammlm  HOO  "b"  RUN  3T0  T63  INLET  COND,  ON  PRESSURE  NOZZLE 
TEST  OATEI  A  -9-72  READING  NAS  TAKEN  At  1389118  HOURS 


CTCLt  POINT  4 

98  X 

PORER  SETTING 

*••#4  EXPERIhENTAI 

CONDITIONS  ***** 

RUNNER  a Ir  PeOn 

2.756 

LP/SEC 

AVL  BURNER  INLET  TEHP 

431. 

DEG  P 

AVG  BURNER  inlet 

PRES  71,5 

PSIA 

AVG  BURNER  OUTLET  TEHP  1417. 

DEG  P 

AVf,  BURNER  OELfA 

P  7.83 

"HG 

PRESSURE  LOSS 

9.31 

X 

OVERALL  P/a  ratio 

.  Ir*  1  49  A 

(F/P) 

FUEL  PLOP  RATE 

144*3! 

LB/MR 

ai»  load  Factor 

1. .498 

PATTERN  FACTOR 

.39*73 

ROT  HOT  SPOT!  « 

16  •  1765, 

DEG  P 

HAS  80T  /  AVG  GOT 

1.2497 

FOIL  INLET  TfHPERAlURt  92. 

DEG  P 

FUEL  INLET  PRESSURE 

396,  • 

PSIA 

HEAT  LOADING  PAhaRETER  ,36413E>67  6TU/H0UR/AYH/CU91C  FOOT 

••«*  BURNER  OUTLET  TENPERATURI  SURVEY  •  *•• 

10  repp  10  TCHP  10  TENP  10  TEPP  10  TEHP  JO  T|NP  JD  TERP 
*nnuLuS  i  9  IUJ,  *  1273.  18  1664,  19  14*1,  94  iS5»,  *7  1399,  38  19*2, 
knnULUS  9  4  133**.  7  1268,  16  176S,  91  1143,  85  1446,  34  1482,  37  164>. 
annuuiS  3  S  12U.  14  1541,  17  1697,  22  1172,  26  1343,  35  1343,  39  1183, 


LEFT  Slot 
TOTAL  PHESSURt 
STATIC  PRtSSURt 
velocity  oelta  p 
a In  TEHPERaTunE 
AIR  VELOCITY 


•  ••  a  ip  inlet  tube  conditions  *•• 


71.44  PS I A 
71.13  PSIA 

.64  •N6 

439,  OEG  f 
115.89  PT/SIC 


UIPPZRENTIAL  P'.tSSuRfl  KlEPT  P-TQT*l 


total  pressure 
STATIC  PRESSURE 
VELOCITY  OELTA  P 
AIR  tfPPERATURk 
AJN  VELOCITY 
•(RIGHT  P*T0TAL)1 


RIGHT  SIDE 
71,86  PSIA 
76,98  PIU 
1,19  *H6 

439,  DIG  P 
199,38  PT/IIC 
••198  »HG 


AIN  HO"  OaTa!  h-n*f*  143,4  PS|t  0t*.T4  P*  3.89  "*6  T*R|P*  89,  018  P 


PutL  SYSTEM  04U* 

PU»L  I/**  F*tOUC*Cv  532,  N*  VOLUMETRIC  FLO*  NATE  *3.19  GAL/HR 

PVEL  PpESSUAE  AT  »/*  »««,A  PSIA  PylL  tfHP  AT  f/m  ||,  OEG  P 


••  PlSLELLANtOUS  TRANSDUCER  READINGS  •  • 

•AMPUlD  AV*44GF  SuVnER  OUTLET  TOTAL  PRESSURE  67,86  PltA 

CQPRUSTOR  OUTER  C»»t  STATIC  PRESSURE  7f,|9  P*lA  (*OUCt*  8  11) 

Su*NtN  DIFFERENTIAL  total  PRESSURE  7,71  •*«  (xDuCM  •  13} 


•  CNEMIAL  ANALYSIS  RESULTS  • 

GAS  SAMPLES  Taken  |p  PLANE  «i 

CO*  *,S77  t  U*  ICA.3PR  >  CO  1*3,7  PPN  CH*  ,t  PPM 

NO  31.6  *PN  NO*  19,6  PPN  NC*  4*,*  PPN  tNO(NQlR)  *  NOt(NOUY)) 

NO  33.4  PPn  no*  i,f  PPP  NO  I  34,3  PPM  I  CmEMlUP  iNflCtNCf  1 

IPtSSIQNS  (NOCK,  L0/IP49  L«  PuHl  CO*  9,34  Cnr*  ,** 

C-|NlLi>NtNESClNCE  NOI*  3,69,  NOIR  •  NOUV  NOS*  4.84 


CALCULATED  PUl/AIr  RATIO  PROP  CmEPICAL  ANALYSIII  ,914*99 

CALCULATtO  CONSIST  ION  tPPICtCNCf  PROP  CHtMCAL  ANALYSIS!  99,7894  t 

cmck  or  p/a  ratio-  p/a  •  ,913773  */o  0*,  calculated  ot  •  ts,9ii  s 
G*0*t  POCK  3#.44» 

9ALT2NAN  NOI  •  37,3  PpN 


Figure  281.  Final  Prcctiawber  Mner  Modification  "B*’  on  Pressure  Ato**i*er 
Injection  at  Nonregenerative  SSX  Power. 


) 

\ 

i 

i 


N7S 


i>  L-.\*A'  mstttaaiaaM  gfiiaaea 


T6J  COMBUSTO*  t'XPENl"ENTS  -  MIC  0/U  67,  TEST  SERIES  78,  READING  3  803 
Tfc J  PINAL  PMECHiMSfR  MOO  "0*  RUN  STD  T83  INLET  CONO,  ON  PRESSURE  NOZZLE 
TEST  DATE  *  6  -9-72  REAOING  NAS  TAKEN  AT  1332119  HOURS 

CTCLt  POINT  3  75  X  PONER  SETTING 


hummer  AIR  plow  2.919  Lfe)/$EC 

avg  burner  inlet  pres  b*,4  psia 
A V6  SUMNER  delta  p  4.70  *hG 
OVERALL  P/A  RaTIu  ,*1681  (P/Hi 
AIR  LQAO  PACTOM  1.1496 

SOT  HOT  SPOTl  I  lit  i  1939,  DEG  F 
FUEL  INLET  TEMPERATURE  95,  OEG  F 
HEAT  LOADING  PARAMETER  .392341*87 


EXPERIMENTAL  conoitigns  ***** 


AVG  BURNER  INLET  TEMP  473. 
AVG  BURNER  OUTLET  TEMP  1983, 
PRESSURE  LOSS  3.32 

FUEL  FLO*  RATE  J78. «9 

PATTERN  FACTOR  ,32B87 

MAI  SOT  /  AVG  SOT  1,2247 
FUEL  INLET  PRESSURE  377,6 
BTU/ HOUR /ATM /CUBIC  FOOT 


OEG  P 
OE6  P 
X 

LS/HB 


PSIA 


«*•*  BURNER  OUTLET  TEMPERATURE  SURVEY  •••• 


10 

TEMP 

10 

TEMP 

10 

TEMP 

ID 

TEMP 

10 

TEMP  10 

TEMP  10 

TEMP 

ANNULUS 

1 

2 

1932. 

s« 

1429, 

19 

1796, 

19 

1641, 

24 

1793.  27 

1988,  38 

1899. 

ANNULUS 

2 

< 

1982, 

7 

1435, 

16 

1930. 

21 

129S. 

25 

1664.  34 

1601,  37 

1993. 

annulus 

3 

9 

1391, 

14 

1833, 

17 

tl93» 

22 

1394, 

28 

1907.  39 

1983,  39 

1399. 

LEFT  SIDE 
TOTAL  pressure 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
aim  temperature 
air  velocity 


•••  AIR  INLET  TUBE  CONDITIONS  ••• 


SR, 27  Pi: l 
70,59  PSIA 
l, 4*  "MG 
473,  OEG  P 
168,23  PT/SIC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  oelta  P 
AIR  TEMPERATURE 
At k  VELOCITY 


DIFFERENTIAL  PRESSURE!  C (LEPT  P*TOTAL>*(BISMT  P«TOTAl)J 


RIGHT  SIDE 
•8,49  PSIA 
SB, 23  PSIA 
,44  "MG 

473,  OEG  P 
93.14  PT/SEC 
•*,391  *M9 


AI«  PlOm  D»TAI  P.MEP*  182,8  PSIA  OElTA  P»  4,82  aH6  T«RfP*  98,  OEG  P 
^«L  SYSTEM  OATAl 

PUCL  P/3  PREOuEMCY  834.  MZ  VOLUMETRIC  PLON  RATE  29,89  GAL/MR 

PVEL  PRi*t**NE  4?  P/M  849,4  PSIA  Py*L  U*P  AT  P/M  08.  OEG  P 

••  miscellaneous  transducer  READINGS  •• 

*AN!POL0  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  79,99  PSIA 

CQMIUITOR  OUTER  CASE  IT 'TIC  PRESSURE  79.89  PS! A  (IOjCER  •  11) 

SURNtR  OIPPPUNTIAL  total  PRESSURE  9,9t  •NS  UOuCER  R  13) 


•  Chemical  analysis  RESULTS  • 
gas  samples  taken  IN  Plane  »l 


cot 

3,291  t 

02 

IS, Sit 

1 

CO 

181,7 

PPM 

CHE  ,9  PPM 

NO 

49,4  PPM 

NOP 

18.9 

PPM 

NO! 

62. 1 

PPM 

tNOtNCIS)  •  M0» (NOUV)) 

NQ 

47.8  PPM 

n<52 

A. A 

PPM 

NQ* 

•1.9 

PPM 

(  CHEMILUMINESCENCE  ) 

EMISSION*  I NOE*.  Li/1999  L9  PutLI  CO*  9,92  CHI*  ,99 

CHEMILUMINESCENCE  NOt*  4,98,  HOIS  ♦  NOUV  NOR*  9,99 


CALCULATED  FUlt/AIR  RATIO  PROP  CHEMICAL  ANALYSIS!  ,918132 

CALCULATED  COMBUSTION  EFFICIENCY  PROP  CHEMICAL  ANALTSfSl  99,7t|P  S 
CHECK  UN  P/A  RATIO*  P/A  •  .SlSSSS  »/0  02,  CALCULATED  Ot  •  19,448  I 

t*0«t  INOEII  Si  JO 

ialtzham  no!  •  45; 3  ppm 


Figure  282.  Final  Prachaaber  Linar  Modification  "8"  on  Pra»aure  Atonlter 
Injection  at  rionreganarative  7SX  Power. 
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T 63  COMBUSTOR  EXPERIMENTS  *  WIG  B/U  67,  TEST  SCRIES  78,  READING  «  894 


i 

TE3  FINAL  PRECH4M0ER 

HDD  »B" 

RUN  STO 

T63  INLET  CQNO.  ON  PRESSURE  1 

NOZZLE 

i 

TEST  OATfcl  8  -9-72 

READING  MAS  TAKEN  AT 

1358122 

MOORS 

i 

( 

CYCut  point  ? 

100  X 

POWER  SETTING 

l 

*****  EXPERIMENTAL 

CONDITIONS  ***** 

Burner  air  Flow 

?•  242 

LB/SEC 

AVG  BURNER  INLET  TEMP 

321. 

DEG  F 

\ 

AVG  BURNER  INLET  PRES 

92,3 

PSIA 

AVG  BURNER  OUTLET  ?£MP  1807, 

DEG  f 

'• 

AVG  dURNER  DELTA  P 

9.83 

»hG 

PRESSURE  LOSS 

3,24 

X 

i 

OVERALL  F/A  RATIU 

,01955 

(F/M) 

FUEL  FLOW  RATE 

228,14 

lb/hr 

i 

i 

AIR  LOAO  FACTOR 

1.0996 

PATTERN  FACTOR 

.30711 

l 

BOT  HOT  SPOT!  ft  16  ■ 

2202. 

deg  f 

MAX  BOT  /  AVG  BOT 

1,2186 

\ 

FUEL  INLET  TEMPERATURE  56. 

DEG  F 

FUEL  INLET  PRESSURE 

338,3 

PSIA 

HEAT  LOADING  PARAMETER  .44088E+07  BTU/HUUP/A7M/CUBIC  FOOT 


I 

1 


r 

i 


****  BURNER  outlet  TEMPERATURE  SURVFY  *•«• 


ID  TEMP  ID 

TEMP 

ID  TEMP 

ID  TEMP  JO  TEMP 

ID 

TEMP  ID 

TEMP 

ANNULUS  l 

2  173H.  6 

154f)t 

15  2241 , 

19  1972,  24  2151, 

87 

1620.  36 

1811. 

annulus  2 

4  1642.  7 

1638. 

16  2202. 

21  1480,  25  1949. 

34 

1674,  37 

1971. 

ANNULUS  3 

5  1497.  14 

1894. 

17  2163, 

22  1346.  26  1782. 

33 

1739,  39 

1489. 

LEFT  SIDE 

**« 

i  AIR 

INLET  TUBE 

:  conditions  *** 

RIGHT  SIDE 

TOTAL  PRESSURE 

92,30 

PSIA 

TOTAL  PRESSURE 

92.37 

PSIA 

STATIC  PRESSURE 

92.13 

PSIA 

STATIC  PRESSURE 

91.56 

PSIA 

VELOCITY 

DELTA  P 

.30 

'•MG  . 

^VELOCITY  DELTA  P 

1.63 

"HC 

AIR  TEMPERATURE 

521. 

DEG  F  . 

-AIR  TEMPERATURE 

321. 

DEG  F 

AIR  VC!  OCITY 

.73 

FT 'SEC 

AJP  VELOCITY 

172,43 

FT/SEC 

DIFFERENTIAL  PRESSURE!  [(LEFT  P-WAU» (.•d&HT  P-T0TAL3J  -.143  "MG 
AIR  FLO*  DATA!  P-RtF*  142,4  PS1A  DEFT A  P*  4,99  "MG  T-REF*  89,  DEG  F 
FUEL  SYSTEM  0  AT  A  1 

rufL  F/M  FREQUENCY  850,  HZ  VOLUMETRIC  FLOW  RATE  38,92  GAL/HR 

FUEL  PRESSURE  aT  F/M  631.1  P5IA  FUEL  TEMP  AT  F/M  97,  DEG  F 

««  MISCELLANEOUS  TRANSDUCER  REA0ING5  ** 

MANTFOLO  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  87,30  PSJA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  90,33  PSIA  (XDUCER  «  113 

SUHNtR  OIFFf RENT  I aL  TOTAL  PRESSURE  9,78  "MG  (XDUCER  ft  13} 


*  CHEMICAL  ANALYSIS  RESULTS  * 

gas  samples  Taken  in  plane  pi 


C02 

3.867  X 

02 

1<.7HW  X 

CO 

?  14,3 

PPM  CHX  .8  PPM 

NO 

68,9  PPM 

N02 

13,3  PPM 

NOX 

62,1 

PPM  CHO(MPIR)  ♦  NCe(NOUVJl 

NO 

70,2  PPM 

N02 

,0  PPM 

NOX 

70.8 

PPM  (  CHEMILUMINESCENCE  i 

EMISSIONS  INDEX,  LB/1000  L3  FUEL  I  CO*  6*76  CHX*  ,04 

CHEMILUMINESCENCE  NOX*  5,81 ,  NOIR  ♦.  NUUV  NDX*  6,80 

CALCULATED  FU':L/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,019811 

CAILULATEO  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSISl  99,8308  X 
CHECK  ON  F/A  mATIO-  F/A  •  ,018399  M/0  02.  CALCULATED  08  ■  19,609  X 

SMOKE  INDEX!  k>Z  O& 

3ALTZMAN  NOX  •  £  PPM 


Figure  283.  Final  Preehamber  Liner  Modification  ’’B*’  on  Pressure  Atomizer 
Injection  at  Nonregenerative  100%  Power. 
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Tfi3  COMBUSTOR  EXPERIMENTS  -  RIG  6/U  67,  TEST  SERIES  76,  READING  #  897 
T63  FINAL  PRECHAKRtR  HO)  «8*  RUK  STO  T«3  INLET  CHND,  ON  PRESSURE  NOZZLE 
TEST  DATE  *  9  -S-72  READING  A AS  TAKEN  AT  1438*  9  HOURS 

CYCLE  POINT  7  9  X  POWER  SETTING 


*****  EXPERIMENTAL  CONDITIONS  ***** 


BUKNtW  AIR  FLO’- 

1.823 

lb/sec 

AVG  BURNER  INLET  TEMP 

896, 

DEG  F 

avu  burner  inlet  pres 

43, 8 

PSIA 

AVG  BURNER  OUTLET  TEMP 

406. 

DEG  7 

AVG  BURNER  OfcLT A  P 

4.63 

"HG 

PRESSURE  LOSS 

3,19 

X 

OVERALL  F/A  RATIO 

P4215 

(F/M) 

FUEL  FLOW  RATE 

14.12 

LB/HR 

AIR  LOAD  FACTOR  1 

.1427 

PATTERN.  FACTOR 

.86137 

B01  HOT  SPOT!  *  Jf>  * 

435. 

DEG  F 

MAX  EOT  /  AVG  BOT 

1.0706 

FUEL  INLET  TEMPFH»TuRt 

90. 

DEG  F 

FUEL  INLET  PRESSURE 

48,0 

PSIA 

HEAT  LOADING  PARAMETER  .574418*06  STU/HOUR/ATM/CUBIC  FOOT 
****  Huk'nER  OUTLET  TEMPERATURE  SURVEY  **** 


10 

TEMP  ID 

TErtP  ID 

TEMP  ID 

TEMP  ID 

TEMP  ID 

TEMP  ID 

TEMP 

ANNULUS 

1 

? 

306.  R 

395.  15 

426 ,  19 

4B4.  24 

428,  27 

480,  36 

423. 

ANNULUS 

9 

4 

391.  7 

480,  16 

435.  21 

398.  25 

414.  34 

405.  37 

408. 

annulus 

3 

5 

375.  14 

447,  1 7 

489.  22 

395.  26 

393.  35 

406,  39 

383. 

LEFT  SIDE 
TOTAL  PRESSURE 
STATIC  pressure 

VELOCITY  DELTA  F 
AIK  TEMPERATURE 
AIR  VELOCITY 


*«*:  air  inlet  tube  conditions  *** 


4  3.83 
43,58 
.54 
896, 


PSI A 
P5I A 
"HG 
OEG  F 


121.19  FT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRESSURE!  ((LEFT  P-TOTAL)- (RIGHT  P-TOTAL51 


RIGHT  SIDE 
43,87  PSIA 
43.66  PSIA 
,43  "HG 

896,  DEG  F 
118,82  FT /SEC 
-.065  "HG 


AI»  FLOW  DATA!  P-Nf.M  145,5  PSI*  DELTA  P«  1,58  "HG  T-REP*  90,  DEG  f 


i 

! 


FUEL  system  oatai 

FUEL  F/M  FREQUENCY  47.  HZ  VOLUMETRIC  FLOW  RATE  8,27  GAL/HR 

FUEL  PRESSURE  AT  F/M  307,4  PSIA  FUEL  TEMP  AT  F/M  99,  DEG  F 

*•  MISCELLANEOUS  transducer  readings  ** 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRFSSURE  41, SS  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRE8SUKE  48,96  PSIA  (XDUCER  R  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  4,59  "HG  (XDUCER  «  13) 


SMOKE  INDEX!  *  J 

SALTZMAN  NOX  iX  PPM  'j 


Figure  284.  Final  Prechamber  Liner  Modification  "B"  on  Pressure 
Atomizer  Injection  at  Nonregenerative  Lean 
Blow  Out . 
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TABLE  LXXVI.  COMPARISON  OF  T63  NONREGENERATIVE  EMISSION/COMBUSTOR 
PERFORMANCE  FOR  (I)  CONVENTIONAL  LINER,  (2)  FINAL 
PRECHAMBER  MODIFICATION  "8"  LINER  OPERATING  ON  WALL 
FUEL  FILM,  AW)  (3)  FINAL  PRECHAMBER  MODIFICATION  "B" 
LINER  OPERATING  ON  PRESSURE  ATOMIZER 


I.  Conventional  Liner 

A.  Emissions 

CO,  (ppm) 

H/C,  (ppm) 

NO  ,  (On-Line,  W)IR  &  HDUV)  (ppm) 
NO*,  (On-Line,  CL)  (ppm) 

NO  ,  (Saltzman)  (ppm) 

Smoke  Number 

B.  Pressure  Loss  (X) 

C.  Temp.  Profile  (T  /T  3 

_ _ _ v  max  ava _ 

II.  Final  Prechamber,  Mod.  "B"  -  Wall  Film 

A.  Emissions 

CO,  (ppm) 

H/C,  (ppm) 

N0X,  (On-Line,  NDIR  &  NDUV)  (ppm) 
N0X.  (On-Line,  CL)  (ppm) 

N0x,  (Saltzman)  (ppm) 

Smoke  Number 

B.  Pressure  Loss  (X) 

C.  Temp.  Profile  (T  /T  ) 

_ _ _ _ v  max  avg' _ 

III*  Final  Prechamber,  Mod.  "B”  -  Pressure 

A.  Emissions  Atomizer 

CO,  (ppm) 

H/C,  (PPm) 

N0x,  (On-Line,  NDIR  &  NDUV)  (ppm) 
NOx,  (On-Line,  CL)  (ppm) 

NOx, (Saltzman)  (ppm) 

SmoUe  Number 

B.  Pressure  Loss  (X) 

C.  Temp.  Profile  (T  /T  ) 

'  max  avg' 


Cycle  Point 


1 

6 

5 

4 

3 

2 

893 

662 

496 

383 

214 

75 

100 

37 

15.8 

4.1 

0.7 

0.6 

17.0 

32.0 

41.1 

45.6 

58.0 

81.0 

17.2 

23.4 

32.6 

40.7 

56.3 

80.6 

18. 5 

27.8 

37.6 

45.9 

61.3 

90.6 

3. 

7. 

12. 

17. 

25. 

30. 

4.63 

4.51 

4.53 

4.44 

4.38 

4.14 

1.115 

1.142 

1.120 

1.113 

1.104 

1.065 

619.2 

289.6 

127.5 

166.8 

175.0 

140. C 

40.0 

9.8 

7.2 

2.1 

12.2 

17.3 

27.1 

35.6 

51.6 

12. C 

18.3 

27.5 

41.1 

52.9 

z 

10.6 

19.6 

30.3 

39.9 

55.9 

i 

0.1C 

1.82 

0.96 

0.11 

3.26 

s 

< 

5.9E 

5.15 

5.92 

5.79 

5.81 

a 

1.441 

1.357 

1.277 

1.290 

1.274 

s 

156.; 

97.2 

86.8 

123.7 

152.7  114.3 

13.0 

2.4 

.8 

.2 

.6  .5 

11.7 

19.6 

29.4 

42.2 

62.1  82.1 

10.8 

19.3 

40.2 

34.3 

51.9  70.2 

16.3 

21.7 

31.9 

51.3 

65.3 

7.13 

14.11 

18.66 

31.46 

52.70  62.08 

5.70 

5.73 

5.66 

5.38 

5.32  5.24 

1.244 

1.232 

1.230 

1.246 

1.225  1.219 

&  20 
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O  Conventional  Liner 

□  Extended-Length  Liner 

Prechamber  Mod.  "B"  Liner 
O  Wall  Fuel  Film 
A  Pressure  Atomizer 


Percent  Output  Horsepower 

Figure  285.  Nonregene rative  T63-A-5A  Combustor 

Hydrocarbon  Emission  Data  Comparison  for 
Extended- Length, Preohamber  Final  Design, 
Modification  "0"  Combustor  and  T63  Baseline 
Combustors. 


a^w.:  :wh2  »•»**«•** 
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O  Conventional  Liner 


□  Extended-Length  Liner 


Prechamber  Mod.  "B”  Liner 
O  Wall  Fuel  Film 
A  Pressure  Atomizer 


Percent  Output  Horsepower 


Figure  286. 


Nonregenerative  T63-A-5A  Combustor 
Carbon  Monoxide  Emission  Data  Comparison 
tor  Ex tended- Length, Prechamber  Final 
Design,  Modification  "B"  Combustor  and  T63 
Baseline  Combustors. 


Oxides  of  Nitrogen  as  N02 
(On-Line.  NDIR  +  NDUV) 


O  Conventional  Liner 


O  Extended-Length  Liner 


Prechamber  Mod.  "B"  Liner 
O  Wall  Fuel  Film 
A  Pressure  Atomizer 
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Figure  287.  Nonregenera tive  T63-A-5A  Combustor 

Nitrogen  Oxides  Emission  Data  Comparison  for 
Extended- Length,  Prechamber  Final  Design, 
Modification  "B"  Combustor  and  T63  Baseline 
Combustors. 
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Figure  288. 


Nonregenera tive  T63-A-SA  Combustor 
Carbon  Monoxide  VS  Nitrogen  Oxides  Emission  Data 
Comparison  for  Extended-Length,  Prechamber  Final 
Design,  Modification  "B”  Combustor  and  T63  Baseline 
Combustors. 
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Nonregenera tlve  T63-A-SA  Combustor 
Smoke  Oats  Comparison  for  Extended  Length, 
Prechamber  Final  Design,  Modification  "B" 
Combustor  and  T63  Baseline  Combustors. 
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Figure  290. 


Nonregenera tive  T63-A-SA  Combustor 
Temperature  Profile  Date  Comparison  for 
Extended- Length  Prechamber  Final  Design. 
Modification  "B"  Combustor  and  T63  Baseline 
Combustors. 
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occurred  at  a  fuel-air  ratio  of  0.0086.  Under  pressure  atomizer 
operation  the  test  was  terminated  when  the  fuel-air  ratio  dropped 
below  0.00215.  Skin  temperature  profiles  for  the  Modification  "B" 
combustor  are  plotted  in  Figures  291  and  292  for  the  two  fuel 
modes. 

Since  this  was  the  last  "Final  Prechamber  Combustor"  tested  on  a  pres 
sure  atomizer  fuel  systen,  the  emission  results  for  this  fuel  injec¬ 
tion  mode  can  be  suimnarized.  Shown  in  Table  LXXVII  are  the  com¬ 
puted  emission  index  values  for  all  three  pressure  atomizing  "Final 
Prechamber  Combustor  Liners".  It  is  evident  that  the  "best"  overall 
configuration  was  Modification  "A",which  provided  a  55%  reduction 
in  total  emissions  with  no  increase  in  any  individual  constituent. 

The  Final  Prechamber  Modification  *'B"  combustor  was  tested  in  both 
fuel  injection  modes  at  regenerative  T63  operating  conditions.  The 
test  results  for  both  fuel  modes  are  shown  in  Figures  293  through 
306.  The  combustor  was  unable  tc  sustain  comhustion  at  the 
regenerative  idle  fuel/air  ratio  when  operating  on  the  wall  fuel 
film  mode.  The  lowest  ratio  that  would  support  combustion  was 
0.0089  fuel/air.  In  order  to  obtain  the  idle  fuel/air  ratio,  the 
pressure  atomizer  nozzle,  because  of  its  extremely  low  leanVblowout 
capability,  was  operated  as  pilot.  With  the  pilot  burning,  the  wall 
film  system  was  able  to  extend  its  operation  to  the  regenerative 
idle  conditions. 

Combustor  emission  index  values  for  a  regenerative  T63  engine 
operatic  over  the  LOH  duty  cycle  are  given  in  Table  LXXVIII  for 
the  Final  Pre chamber  Modification  "B"  combustor  liner  and  the  non- 
re  generative  and  regenerative  combustor  liners  operating  at  regenera¬ 
tive  conditions.  Relative  regenerative  engine  emissions  are  listed 
in  Tjble  LXXIX.  Compared  to  the  nonregenerative  T63  liner,  the 
Final  Prechamber  Modification  "S"  combustor  produced  31%  fewer  total 
emissions  when  operated  In  the  wall  film  mode,  and  44%  fewer  mass 
emissions  on  the  pressure  atomizer.  Each  Prechamber  mode,  however, 
greatly  exceeded  the  baseline  in  the  magnitude  of  one  constituent 
emission.  The  wall  fuel  film  mode  produced  nearly  six  times  the 
baseline  hydrocarbons,  and  the  pressure  atomiser  mode  produced  over 
eleven  Kimes  as  such  smoke/pa rticulates. 

For  the  ambient  temperature  and  pressure  startup  tent  on  the  Pre¬ 
chamber  Modification  *•"  combustor, a  special  electrical  spark 
igniter  was  Inserted  into  the  combustor  liner  through  the  torch 
igniter  hole.  This  Igniter  position  was  0.7  inch  downstream  of 
the  reaction-zone  holes.  The  burner  test  conditions  were: 


SKIM  TEMPERATURES 


Figure  291.  Nonregenerative  T63-A-SA 

Coobustor  Skin  Temperature*  for  Preehamber 
Final  Design  Combustor  Modification  "B"  Operating 
on  Wail  Fuel  Film  Injection. 


SKIN  TEMPERATURES 


TABLE  LXXVII. 

EMISSION  INDEX  SUMMARY  FOR  T63  BASELINE  AND 

FINAL  PRECHAMBER  COMBUSTOR  *5 

p  u  Mn  Particu-  Total 

^  y  CO  *  lates  Emissions 

Combustor  Tested 

EMISSION  INDEX  (lb/IOOO  lb  fuel) 


*  Baseline 

1.S44 

26.094 

5.068 

.239 

32.945 

*  Final  Prechamber- 
Pressure  Atomizer 

Initial  Design 

.039 

10.608 

4.611 

.128 

15.386 

Modification  “A" 

.025 

10.292 

4.300 

.086 

14.703 

Modification  "Bn 

.180 

8.41S 

4.762 

.902 

14.259 

RELATIVE  EMISSION  IM)EX  (*) 

*  Baseline 

100 

100 

100 

100 

100 

*  Final  Prechamber* 
Pressure  Atomiser 

Initial  Design 

2 

41 

91 

S4 

47 

Modification  "A" 

2 

39 

8S 

36 

45 

Modification  ”B" 

12 

32 

94 

377 

43 

439 
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m  CGKBUSU'I-  tXREhlfEMS  -  h»IU  b/l!  6  7,  TEST  SERIES  7ft.  ME  AO  I*»^  *  SOU 

/1N^  Wb*  WUK  NEGEnENaTIVE  Tfc3  INLET  CONDITION*  ' 

TtST  omt  *  •  l  f 1 «  7  2  REDOING  NAS  TAKEN  at  1316122  HOURS 


CYCLE  RUInT  i 


IS  X  POWER  SP.TTINS 


BURNER  AIR  fL0» 

AVG  bUNNEN  INLET  PRES  43.9 
A»G  BURR-kN  DELTA  P  7,j3 

OVERALL  E/A  WAIIG 
AIN  LOAD  FACTO-  1,3573 

BOT  hqT  SPOT:  *  ja  »  J44S, 
FUEL  INLET  TkARtEATLfif  td6. 
HEAT  LOADING  Parameter  'I 


»»•»*  E*Rt*i*kMAL 
1.775  l.R/SEC 


PSI  A 
“HG 
(F/P) 


DEG 

OtG 


CONDITIONS  *»*»« 

AVG  bURNER  INLET  TEHP 

667. 

DEG  P 

AVG  9URNER  OUTLET  TEHP 

124S. 

OEG  F 

PRESSURE  LOSS 

7. 96 

X 

fuel  flon  rate 

96.61 

LS/hr 

PATTERN  FACTOR 

.36336 

nay  tiOT  /  AVG  SOT 

1.1679 

FUEL  inlet  pressure 

36,6 

PSIA 

U/HdUN/ATH/CUbIC  FOOT 

♦J*»  aUNNEW  OUTLET  TE-NPERATURE 

10  TERP  I*}  T£4P  IP  TEMP  10  TEHP 
AKNUU'S  1  ?  1 1 7 ,  t>  1145,  15  1365.  19  1331. 

ANNULUS  ?  4  UFH.  7  1  1 A 7 ,  lb  1 44#.  ?I  1  i  35, 

ANN.jLuS  3  N  !«•*•«.  14  UP7.  17  1417.  99  1141, 


SURVEY  •••■ 
ID  TfNP  10 

use.  9? 

29  1239,  34 
29  i i 94,  33 


LEFT  Slot 
HTal  PRESSoCt 
STATIC  p-ESSu*. 
VELOCITY  OF! Ta  r 
*  1 R  TE*Pt*ATu»iE 
*1*  VELOCITY 


•  air  inlet  tube 


*4,ets 
4  1,51 
.72 
B47. 
{77.33 


ASIA 
ASIA 
•►G 
DEG  F 
FT/SEC 


CONDITIONS  itt 
TOTAL  pressure 
STATIC  PRESSURE 

vilolity  delta  p 

A  IN  T  CPPERATURE 
AIN  VELOCITY 


WIEPENeNTlAL  PfcfSSiRH  ((LEFT  P>  TOTAL)*  (NIGHT  P-ICTAU) 
AIR  RLUN  DATA!  ►  »►»  1A%.§  t*SU  DELTA  P*  1,43  “Hfi 


TEHP  10  TINP 
1239,  36  1323, 
1229.  32  1392. 
1261,  39  1191. 

R«PT  SIDE 
43,93  P6IA 
43.66  PSI A 

•SS  »H6 

#62.  OEG  f 
122,6#  FT/6EC 
*.14#  »*G 


T*#|F»  66.  OEG  P 


Fill  STSTEn  daiai 

fuel  *yh  F*ta:.i(Nt»  up,  rj 

FUEL  PRESSuAt  #T  ►  /*  233,3  PSiA 


VOU'KETRIC  FLOP  RATI 

fuel  h*p  at  f/h 


9,14 

#2. 


GAL/HR 
OEG  F 


*•  ^^HClla^ous  transduce*  PIaOInGS  •* 

PANIPPLO  *»E*»4f.A  c t N « F N  OUTLET  TC Tal  PRESSURE  Ai.39  Pill 

CO*Su*Tgn  uu»fv  can»  static  nnl*»Vn|  4i  ff  pljA  (l0uC|„  ,  ... 


*  C-CICAL  ANAlTSIi  RESULTS  • 
vAi  |A«PlF $  Ta«|N  IN  PLANE  »1 
UCi  1.721  *  i<2  14.3P6  I  Cf  269,6  PPH 

M.  6,3  PN*  KL?  1,6  ppp  NO* 

NO  4,7  PP-  Rf#  ,6  PPp  NOR 

IFTSSIONS  JLvM,  L6/ 1 PR  *  LS  Full  I  COt 
C»tMiv*!NESCEi»C(  nO*« 


o***  31, •  PpH 

7,9  PPH  (NOtNOI*)  ♦  NOS (NQUV)l 
t,3  P**H  I  CHCNlLUNlMfiCiNCt  1 

£m»»  9,36 

.96,  NCI#  •  NOUV  NQ>4  e,42 


C*LCUL*TF'T  41110  FnC*  ChepICal  analysis! 

C *LO?TL*TtO  COHNUSTTfiR  EFFICIENCY  F»(5h  ChIm1C«L  ANAt'jiSl  ||  S4S4  t 
C«CC4  ON  F,.  ratio.  V,A  .  .P  ,4,*  fc/8  02.  CALC  L6U0  01*  1S.MI  t 


S*0*t  INCEH 
SalTZkan  NOx  • 


1.13 


PPH 


F-i  Ip* 

a/a  n 


O'0,c 

tic* 


F/A 


Figure  293. 


Final  P re chamber  Liner  Modification  "8H  on  Wall  Fil* 
Injection  at  Regenerative  10X  Po»per,  High  F/A. 
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Tea  Combust  os  experiments  -  «ig  &/u  &?,  test  series  ?9,  reading  a  899 

Tti3  FINAL  P«tCHAH(>ER  MUQ"B"  RUN  REGENERATIVE  T63  INl.ET  C0N0ITI0N8 
TEST  DATE*  »- 145-72  READING  NAS  TAKEN  AT  1349*25  HOURS 


CYCLE  POINT  l 

*****  EXPERIMENTAL 
BURNER  AIR  FLOW  1,772  LB/SEC 

AVG  BURNER  InLET  PRES  44, Id  PSIA 

avg  burner  delta  p  6,68  «hg 
OVERALL  F/A  RATIU  ,04885  (F/M) 

AIR  LOAD  FaCTMR  1,3541 

BOT  HOT  SPOT*  «  16  ■  1411.  DEG  F 
fuel  INLET  TEMPERATURE  RP.  DEG  F 


10  *  PURER  SETTING 


CONDITIONS  ***** 

AVG  BURNER  INLET  TEMP  868,  DEG  F 
AVG  BURNER  OUTLET  TEMP  1243,  DEG  F 
PRESSURE  LOSS  7,46  t 

FUEL  PLOK  RATE  56,44  LB/HR 

PATTERN  FACTOR  ,29156 

MAX  BOT  /  AVG  BOT  1.1348 
FUEL  INLET  PRESSURE  17B.3  PSIA 


HEAT  LOADING  PARAMETER  ,22914E*g7  BTU/H0UR/ATM/CU6IC  FOOT 


*•*•  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 

IU  TEMP  10  T£ mb  IQ  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  10  TEMP 
ANNULUS  1  2  1161,  6  1129,  13  1377.  19  1293,  24  1378,  27  i87|.  36  1312, 
ANNULUS  2  J  1300,  7  1142,  16  1*11,  21  1146,  25  1296,  34  1267,  37  1317, 
Annulus  3  5  U84,  14  129l.  17  1395,  22  1148.  26  1201,  35  1204,  39  1089, 


LEFT  SIDE 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


***  AIR  INLET  TUBE  conditions  *** 


43,93  PSIA 
43,55  PSIA 
.78  "MG 
668.  DEG  F 
185,08  FT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


RIGHT  SIDE 
43.97  PSIA 
43.47  PSIA 
1.03  "HG 

60S,  DEG  P 
212,28  PT/SEC 
-.086  "HG 


DIFFERENTIAL  PRESSURE*  t CLEFT  P-TOTAL)- (RIGHT  P-TOTALTJ  -.086  "HG 
AIR  FLON  OATA*  P-REF*  105.6  PSIA  DELTA  P*  1,45  HHG  T-REF*  97,  OEG  F 
fuel  system  data* 

fuel  F/M  FREQUENCY  209,  MZ  VOLUMETRIC  FLOW  RATE  9.10  GAL/HR 

FUEL  PRESSURE  aT  F/M  300,7  PSIA  FUEL  TEMP  AT  F/M  90,  DEG  F 

•*  MISCELLANEOUS  TRANSDUCER  READINGS  •» 

MANiPOLO  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  40,67  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  42,56  PSIA  CXDUCER  *  H) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  6.63  "MG  CXDUCER  At  13) 


*  CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SAMPLES  TAKEN  JN  PLANE  Atl 
C02  1,817  X  02  ‘7,600  X  CO  B8.2  PPM 

NO  19,7  PPM  N02  4,8  PPM  NOX  24,5  FPM 

NO  21,1  PPM  N02  ,5  PPM  NOX  21,6  PPM 

EMISSIONS  INDEX,  LH/1003  LB  FUEL*  CO*  10,82 

CHEMILUMINESCENCE  NOX*  3,91,  N 


98,2  PPM  CMX  ,8  PPM 

24.5  FPM  CNOCNOIR)  ♦  N02 (NOUV) ] 

21.6  PPM  f  CHEMILUMINESCENCE  1 

0,82  CMX*  ,15 

3,91,  NDIR  *  NDUV  NOX •  4,44 


CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS*  ,009124 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS*  90,7174  X 
CHECK  ON  F/A  RATIO-  F/A  •  ,008753  K/0  02,  CALCULATED  02  *  18,462  X 

SMOKE  INOEX*  /<?.  r 

SALTZlAN  NOX  •  21-0  PPM 


REMARKS 


1  /Yi O /c 

/V,<  TV**  F/A 


Figure  294.  Final  Prechamber  Liner  Modification  "B"  on  Pressure 

Atomizer  Injection  at  Regenerative  10%  Power,  High  F/A. 
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T63  COMBUSTOR  EXPERIMENTS  -  RIG  B/U  67,  TEST  SERIES  7®,  READING  « 

T*3  FINAL  PRECHAMetw  MQ0"b"  RUN  REGENERATIVE  T63  inlet  conditions 
TEST  OATfc'I  8-1F-72  READING  NAS  TAKEN  AT  1407190  HOURS 


CYCLE  POINT  1 


19  X  POKER  SETTING 


BURNtR  AIR  PlOR  1,766  LB/SEC 

AVG  bllRNtf?  INLFT  PRtS  43.6  PSIA 

AVG  BURNER  DELTA  P  6.86 

overall  p/a  ratio  .0**93 

AI»  LOAD  FACTOR  1.3607 

sot  mu  spot:  a  16  »  1330, 

FUEL  INLET  Te*PfcR4TuNc  91, 


**M»  experimental  conditions  ***»* 

AVG  BURNER  INLET  TEMP  666,  OEG  F 
AVG  BURNER  OUTLET  TEMP  1188.  OEG  P 


(F/M) 


ntG 

DEG 


MEAT  LOADING  PARAMETER  ,20782E*g7 


PRESSURE  LOSS 
FUEL  FLO*  RATE 

pattern  factcr 

MAX  BOT  /  AVG  BOT 
FUEL  INLET  PRESSURE 
btu/rcur/atm/cubic  FOOT 


7,73  X 
98,77  LB/HR 
.27484 
1.1199 
198,2  PSIA 


****  burner  outlet  temperature  survey  **•* 


10 

TEMP 

10 

TEMP 

£D 

temp  id 

TEMP 

ID 

TEMP  10 

TEMP 

10 

TEMP 

AimNuLUS 

i 

2 

1U3, 

6 

1305. 

15 

1287  ,  IS 

1262, 

24 

1309,  27 

1243, 

36 

1254. 

annulus 

2 

a 

1149. 

7 

1490. 

16 

1330.  21 

11P6. 

25 

1241.  34 

1183, 

37 

1255, 

anmjlus 

3 

& 

10S3. 

14 

1185. 

17 

1325.  22 

1110. 

26 

1198.  35 

1140. 

39 

1847. 

LEFT  SIDE 
TOTAL  PRESSURE 
STATIC  PRESSURE 
velocity  delta  p 
AIR  TEMPERATURE 
air  VELOCITY 


***  AIR  INLET  TUBE  CONDITIONS  *«* 


43,53  PSIA 
43,20  PSIA 
.68  "MG 
668,  DEG  F 
172.96  FT/SEC 


total  pressure 

STATIC  PRESSURE 
VELOCITY  OELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


RIGHT  SIDE 
43,65  PSIA 
43,32  PSIA 
,67  *HG 

668,  OEG  F 
171.71  FT/SEC 
-.226  »HS 


DIFFERENTIAL  PRESSURE:  (CLEFT  P-TQTALWSIGHT  P-TQTAUJ 
AIR  FLO*  OATA:  P-Rtf»  145,3  PSIA  DELTA  P»  1.45  "HG  T-REF*  98,  OEG  F 


fuel  system  oatai 

Fuel  F/M  FREQUENCY  188. 

fuel  PRESSURE  at  F/M  302.5 


M2 

PSIA 


VOLUMFTRIC  FLOW  RATE 
FUEL  TEMP  AT  F/H 


8.19  GAL/HR 
91.  DEG  F 


«*  MISCELLANEOUS  TRANSDUCER  READINGS  ** 

MANIFOLO  AVERAGE  BURNER  CUTLET  TOTAL  PRESSURE  40,22  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  42.42  PSIA  (XDUCER  8  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  6.74  MHG  (XDUCER  8  13) 


*  chemical  analysis  results  a 

GAS  SAMPLES  TAKEN  IN  PLANE  81 


C02 

1.625 

X 

02  17.700 

X 

CO 

150,8 

PPM 

NO 

14.1 

PPM 

N02  5,6 

PPM 

NOX 

19.7 

PPM 

NO 

16.1 

PPM 

N02  3.5 

PPM 

MUX 

19.6 

PPM 

EMISSIONS 

INDEX 

,  LB/1H00  LB 

fuel i  co» 

18,48 

CHX 


2.2  PPM 
♦  N02 (NDUV) ) 

I  ) 


CHEMILUMINESCENCE  NCX ■  3,93 | 


NOIR  ♦ 


CHX* 
NOUV  NOX* 


.42 

3,99 


CALCULATED  FliEL/AIR  ratio  F.<OM  CHEMICAL  ANALYSIS!  ,800270 

CALCULATED  CUMauST I  ON  EFFICIENCY  FROM  CHEMICAL  ANALYSIS:  99,9136  X 
CHECK  ON  F/A  ratio-  F/A  •  ,007070  W/O  02,  CALCULATED  02  *  18,724  X 

SMOKE  index:  /&  / 

SALTZMAN  NOX  •  2f-e 


PPM 


remarks: 


'Presort.  / 

Figure  295. 


Final  Prechamber  Liner  Modification  "B”  on  Pressure 
Atomizer  Injection  at  Regenerative  1096  Power. 
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T*»3  COMBUSTOR  FXP!M*£NTS 
T63  FINAL  PRfcCHAMBfcR  HPO»H 
TEST  OATHS  S-tf--?? 


Hit,  B/U  67,  TtST  SERIES  79,  READING  ft  961 
RUN  REGENiKAT 1 VE  T63  INLET  CONDITIONS 

READING  a AS  TAKEN  AT  1435:56  HOURS 


CYCLE  POINT 


16  t  PO<*ER  SETTING 


*****  EXPERIMENTAL 
BURNER  AIK  f  lO  <  !.7»a?!  Lf'/St  C 

AVG  BUNKER  IMEi  **ES  43.5  PSIA 

«vg  burner  delt*  p  *.*7  -^g 

OVERALL  F/A  RATIO  .PPIBIIR  IF/b) 

aim  load  factor  i.j^y 

60 T  HOT  SPOT!  «  if>  •  1279.  OF G  F 
Fuel  INLET  TEMPER* tuRE  91,  DEG  F 
NEAT  LOADING  PARAMETER  .2P823E+P7  0 


CONDITIONS  ***** 

AvG  MIRNfcR  INLET  TfcHP 

667, 

DEG  F 

AVG  BURNER  OUTLET  TENP 

1148. 

DEG  F 

PRESSURE  LOSS 

7,76 

X 

FUEL  Flop  rate 

50.71 

lb/hr 

PAT  fERN  £  ACTOR 

.27  UP 

FAX  BOT  7  AVG  BOT 

1.1135 

FUEL  INLET  PRESSURE 

57.3 

PSIA 

/H0UR/ATM/CU8IC  FOOT 

****  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 


ID 

1EFP 

10 

TEMP  in 

TEMP 

ID 

TEMP 

ID 

TEMP  ID 

annulus 

1 

2 

1M91. 

6 

1071.  15 

1245. 

19 

1142. 

24 

1213.  27 

ANNULUS 

2 

4 

1113. 

7 

1893.  16 

1279, 

21 

1040, 

25 

USB.  34 

annulus 

3 

5 

102 1 , 

14 

1216.  17 

1264. 

22 

1048, 

26 

1003.  35 

TEMP  10  TEMP 
1131,  36  1272. 
1167.  37  1256. 
1136.  39  1063, 


LEFT  SIDE 

TGUl  pressure' 
static  PRESSURE 

VELOCITY  PELT*  ? 
A  Ik  TEMPERATURE 
AIR  VELOCITY 


***  AIR  inlet  TUBE  CONDITIONS  **« 


.13.41 

42.98 

.«S 

6o7  . 


PSIA 
PSIA 
"hG 
DEG  F 


107.68  FT/SEC 


TOTAL  PRtSSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIK  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PMfcSSuRE :  t (LEF  T  P-TOTAL)- (RIGHT  P-TOTAL)] 


RIGHT  SIDE 
43.51  PSIA 
43.20  PSIA 
.63  "MG 

667.  DEG  F 
166,10  FT/SEC 
*■194  "HG 


AIR  FLOW  0ATA1  F-klF«  l«a5.3  PSIA  DELTA  P«  1.44  "HG  T-REFn  96.  DEG  F 
fuel  system  data: 

fuel  f/«  frequency  ibb.  hz  volumetric  flor  rate  s.is  gal/hp 

Fuel  Pressure  aT  F/M  384.1  PSIA  fuel  TEMP  at  F/M  92.  DEG  F 


**  MISCELLANEOUS  TRANSDUCER  readings  ** 

MANIFOLD  AVERAGE  burner  outlet  total  PRESSURE  40,08  PSIA 

COMBUSTOR  OUTER  CASc  STATIC  PRESSURE  42,06  PSIA  (XDUCER  ft  ll) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  6.77  "HG  (XDUCE&  ft  13) 


*  CHEMICAL  analysis  RESULTS  * 


GAS  SAMPLES  TAKEN 


C02 

1,530 

X 

02 

17.70B 

X 

CO 

NO 

4.9 

PPM 

NO? 

2.4 

PPM 

NOX 

NO 

2.5 

PPM 

Ntl2 

1.9 

PPM 

NOX 

EMISSIONS  INDEX,  LH/105J0  LH  FUELI  C0» 
CHEMILUMINESCENCE  NOX* 


IN  PLANE  ftl 

407,1  PPM  CHX  140,0  PPM 

7.3  PPM  [NO(NOIR)  ♦  N02 (NDUV) } 

4.4  PPM  l  CHEMILUMINESCENCE  1 

4H.«2  CMX*  26,66 

,89,  NDIR  *  NDUV  NOX*  1,46 


CALCULATED  FlEl/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  .007736 

CALCULATED  COMBUSTION  EFFICIENCY  from  CHEMICAL  ANALYSIS:  99,9246  X 
CHECK  ON  P/4  RATIO-  F/A  ■  ,007736  W/0  02,  CALCULATED  02  ■  18,840  X 

SMOKE  index:  x 

SALTZMAN  NOX  ■  X  PPM 

remarks:  jp**  i+fi.  Fy/to  f'  fyeSS&sZ' 

Figure  296.  Final  Preehamber  Liner  Modification  on  Wail  Film 
Injection  at  Regenerative  10ft  Power. 
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763  COMBUSTOR  EXPERIMENTS  -  BIG  B/U  67,  TEST  SERIES  79,  READIES  • 

T63  FINAL  PRECHAMBER  H'JO"B"  BUN  REGENERATIVE  T63  INLET  CONDITIONS 
TEST  DATE*  8-10-72  BEADING  NAS  TAKEN  AT  1390156  HOURS 

CYCLE  POINT  6  23  X  BONER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

flUPN’Ec  AIR  FLC*  2.073  L6/SEC  AVG  BURNER  INLET  TEMP  792,  OEG  F 

AVG  BURNER  Inlet  pres  si. 4  PSIA  AVG  BURNER  OUTLET  TEMP  1272.  OEG  f 

AVG  BURNER  DELTA  P  6.43  "HG  PRESSURE  LOSS  6.06  X 

OVERALL  F/A  RATIO  .90874  (F/M)  FUEL  FLOG  RATE  63,21  LG/HR 

air  load  factor  i.itas  pattern  factor  .35940 

BUT  mot  spot:  A  lh  ■  1472,  PEG  F  MAX  BOT  /  AVG  BOT  1,1671 

FUEL  INLET  TEMPERATURE  150,  DEG  F  FULL  INLET  PRESSURE  49.9  PSIA 

NEAT  LOADING  PARAMETER  ,22651E*P7  6 TU /HOUR /ATM /CUBIC  FOOT 

***•  BURNER  OUTLET  TEMPERATURE  SURVEY  »*** 

ID  TEMP  10  TEMP  ID  TEMP  10  TEMP  ID  TEMP  10  TEMP  ID  TEMP 
ANNULUS  1  2  1206,  6  1174.  15  1440,  19  1341.  24  1349,  27  1264,  36  1356, 

ANNULUS  2  4  1211.  7  1192,  1«  1472.  ?!  1165,  25  1271.  34  1256,  37  1336. 

ANNULUS  3  5  1119.  14  1396,  17  1441,  22  1169,  26  1197,  35  1226,  39  1131, 

LEFT  SIDE  ***  AIR  INLET  TUBE  CONDITIONS  ***  RIGHT  SIDE 

TOTAL  PRESSURE  51.33  PSIA  TOTAL  PRESSURE  31,43  PSIA 

STATIC  PRESSURE  51,04  PSIA  STATIC  PRESSURE  39,99  PSIA 

VELOCITY  DELTA  P  .59  "MG  VELOCITY  DELTA  P  ,68  "HG 

AIR  TEMPERATURE  702,  DEG  F  AIR  TEMPERATURE  702,  OEG  F 

AIR  VELOCITY  159,39  P'T/SEC  AIR  VELOCITY  183,87  FT/SEC 

DIFFERENTIAL  PRESSURE:  [(LEFT  P-1  OT AL)- (RIGHT  P-TOTAL))  -.168  "HG 

AIR  FLO«  U«TAl  P-ReF*  105.0  PSIA  DELTA  P*  2,99  "HG  T-REF*  98,  OEG  F 

FUEL  SYSTEM  UATAj 

FUEL  F/M  FREQUENCY  242,  HZ  VOLUMETRIC  FLON  RATE  10,54  GAL/MR 

FUEL  PRESSURE  AT  F/M  291.4  PSIA  FUEL  TEMP  AT  F/M  94,  DEG  F 

**  MISCELLANEOUS  TRANSDUCER  READINGS  ** 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  47,24  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  30.17  PSIA  (XDUCER  «  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  8,33  "HG  (XDUCER  *  13) 


•  CHEMICAL  ANALYSIS  RtSULTS  * 
GAS  SAMPLES  TAKEN  IN  PLANE  91 


C02 

1.673 

X 

02  17,509 

X 

CO 

166,6 

PPM 

CHX  34,0  PPM 

NO 

3.4 

PPM 

ND2  1.6 

PPM 

NOX 

5,0 

PPM 

(NO(NOIR)  ♦  N02 (NOUV) 3 

NO 

3.0 

PPM 

NU2  ,6 

PPM 

NOX 

3,6 

PPM 

f  CHEMILUMINESCENCE  ) 

EMISSIONS 

INDEX 

,  LB/1000  LB  FUEL! 
CHEMILUMINESCENCE 

CO* 

NOX* 

10.61 

.67 

# 

CHX*  3,97 
NDIR  *  NOUV  NOX*  ,92 

CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSISI  ,906622 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  98.8737  X 
CHECK  ON  F/A  RATIO-  F/A  «  ,098199  N/0  02.  CALCULATED  02  •  18,689  X 

SMOKE  INDEX!  .  2$ 

3ALTZMAN  NOX  ■  J.Qo  PPM 

. 

Figure  297.  Final  Prechamber  Liner  Modification  ,fB"  on  Wall  Film 
Injection  at  Regenerative  25%  Power. 


494 


T63  COMBUSTOR  EXPERIMENTS  -  RIG  8/U  67,  TEST  SERIES  79,  READING  *  90S 

T63  FINAL  PRECMAM0ER  MOO"B«  RUN  REGENERATIVE  T63  INLET  CONDITIONS 
TEST  DATES  8-10-72  REAOING  NAS  TAKEN  AT  1918137  HOURS 

CYCLE  POINT  6  29  X  PONER  SETTING 


*****  EXPERIMENTAL  CONDITIONS  ***** 


BURNER  AIR  PLOW  2,(956  LB/SEC 
AVG  BURNER  InLET  PRES  51,6  PSIA 
AYG  BURNER  DEL  f  A  H  8.37  "MG 
OVERALL  F/A  RATIO  .P0B84  (F/M) 

air  load  factor  1,3972 

SOT  HOT  SPOT  I  A  16  *  1499,  DEG  F 
FUEL  INLET  TEMPERATURE  95,  DEG  F 
MEAT  LOAUlNG  PARAMETER  .22627E+07 


AVG  BURNER  INLET  TEMP  701, 
AVG  BURNER  OUTLET  TEMP  1279, 


PRESSURE  LOSS  7,97 
FUEL  FLOW  RATE  69,49 
PATTERN  FACTOR  .31067 
MAX  BOT  /  AVG  BOT  1,1404 
FUEL  INLET  PRESSURE  190,9 


BTU/HOUR/ ATM/CUBIC  FOOT 


DEG  F 
0E6  F 
X 

LB/hr 


PSIA 


***•  BURNER  OUTLET  TEMPERATURE  SURVEY  •«** 

ID  TEMP  ID  TfcMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  1  2  1197.  6  1156.  19  1462.  19  1334,  24  1408,  27  1306,  36  1369, 
ANNULUS  2  4  1234,  7  1168.  16  1459,  21  1179,  29  1318.  34  1267,  37  1368, 
ANNULUS  3  9  1129.  14  1266,  17  1426.  22  11SS.  26  1237.  39  1247,  39  1172. 


LEFT  SIOE 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


***  AIR  INLET  TUBE  CONDITIONS  *•* 


51,57  PSIA 
51,19  PSIA 
,77  "HG 
7R1.  OEG  F 
171,43  FT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRESSURE!  £  CLEFT  P-TOTALJ- (RIGHT  P-TOTAL)) 


RIGHT  SIDE 
91.67  PSIA 
91.26  PSIA 
,83  "HG 

791,  DEG  F 
177,91  FT/SEC 
-.195  "HG 


AIR  FLOW  OAT *1  P-REF*  104, B  PSIA  DELTA  P*  1,97  "HG  T-REF*  9S.  DEG  F 


FUEL  SYSTEM  DATA! 

fuel  f/m  frequency  243.  hi  volumetric  flow  rate  10,58  galfhr 

FUEL  PRESSURE  AT  F/M  313.9  PSIA  FUEL  TEMP  AT  F/M  95,  OE6  F 


*«  miscellaneous  transducer  readings  ** 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  47,90  PSIA 
COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  50,26  PSIA 
BURNER  DIFFERENTIAL  TOTAL  PRESSURE  8.28  "HG 


(XDUCER  0  11) 
(XDUCER  •  13) 


*  CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SAMPLES  TAKEN  IN  PLANE  Ml 


C02 

1.793 

X 

02  17,460 

X 

CO 

62,0 

PPM 

CHX  ,0  PPM 

NO 

24,6 

PPM 

N02  4.0 

PPM 

NOX 

2B,6 

PPM 

(NO (NDIR)  *  NQ2 (NOUV) ] 

NO 

22,6 

PPM 

N02  ,0 

PPM 

NOX 

22,6 

PPM 

(  CHEMILUMINESCENCE  ) 

EMISSIONS 

INDEX 

,  LB/1000  LB 

FUEL! 

CO* 

6,84 

CHX*  .19 

CHEMILUMINESCENCE 

NOX* 

4.09, 

NDIR  *  NOUV  NOX*  9,19 

CALCULATED  FLEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,110093 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  99,0039  X 
CHECK  ON  F/A  RATIO-  F/A  •  ,000822  W/O  02.  CALCULATED  02  ■  10,499  X 

SMOKE  INDEX!  2Z.O*4 

SALTZMAN  NOX  ■  30.g  PPM 


Figure  298.  Final  Prechamber  Liner  Modification  "B”  on  Pressure 
Atomizer  Injection  at  Regenerative  2596  Power. 
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T63  CCMBUSTC1*  EXPERIMENTS  -  RIG  B/U  87,  TEST  SERIES  79,  READING  W 
T6J  FINAL  HfltCHAMHfcB  MOQ"0"  RUN  REGENfRA T 1 V E  TS3  INLET  CONDITIONS 
TEST  OATLt  8-10-/2  READING  NAS  TAKEN  AT  16071  3  HOURS 

CYCLE  POINT  5  40  X  POWER  SETTING 


*****  EXPERIMENTAL  CONDITIONS  ***** 


BURNER  AIR  FLOW 

2.442 

LB/SEC 

AVG  BURNER  INLET 

TEMP  97. 

DEG  F 

AVG  BURNER  INLET  PRES 

SR, 2 

PSIA 

AVG  BURNER  OUTLET 

TEMP  1328. 

DEG  F 

AVG  BURNER  DELTA  P 

3,93 

"HG 

PRESSURE  LOSS 

0.29 

X 

overall  f/a  ratio 

.  -• 

0/948 

(F/M) 

FUEL  FLOW  RATE 

83,31 

LB/HR 

AIR  LOAD  FACTOR 

i 

,4102 

pattern  factor 

.19894 

BOT  HOT  SPOT:  *  16 

s 

1524, 

DEG  F 

MAX  BOT  /  AVG  BOT 

1.1473 

FUEL  inlet  temperature 

*7. 

DEG  F 

FUEL  INLET  PRESSURE 

208.9 

PSIA 

MEAT  LOADING  PARAMETER 

.25101E+B7  BTU/HOUR/ ATM/ CUBIC  FOOT 

**** 

BURNER  1 

OUTLET  TEMPERATURE  SURVEY  «*** 

IU  TEMP 

ID 

TEMP 

ID  TEMP 

ID  TEMP  '  10  TEMP 

10  TEMP  ID 

TEMP 

annulus  i  2  1246, 

6 

1209, 

15  1474, 

19  1401,  24  1454. 

27 

1369,  36 

1419. 

ANNULUS  2  4  1283. 

7 

1232, 

16  1523. 

21  1209,  25  1357, 

34 

1309.  37 

1422. 

ANNULUS  3  9  J 170, 

14 

1350. 

17  1504, 

22  1226,  26  1289, 

35 

1269.  39 

1169. 

LEFT  SIDE 

*** 

AIR 

INLET  TUBE 

CONDITIONS  *** 

RIGHT  SIDE 

TOTAL  PRESSURE 

59.17 

PSIA 

total  pressure 

99.28 

PSIA 

STATIC  PRESSURE 

58,73 

PSIA 

STATIC  PRESSURE 

98.60 

PSIA 

VELOCITY  DELTA  P 

.90 

"MG 

VELOCITY  DELTA  P 

1.37 

"HG 

AIR  TEMPERATURE 

710, 

DEG  F 

AIR  TEMPERATURE 

710, 

DEG  F 

AIR  VELOCITY 

1 

73,60 

FT/SEC 

AIR  VELOCITY 

214.64  1 

FT/SEC 

DIFFERENTIAL  PRESSURE! 

t  CLEFT  P-TOTAL 

)• (RIGHT  P-TOTAL)) 

-.219 

"HG 

AIR  FLOW  DATA:  P-SfiF* 

104,1 

PSIA  DELTA  P*  2.60  "HG 

T-REF*  96. 

DEG  F 

fuel  system  oatai 

fuel  ft M  FREQUENCY 

309. 

HZ 

VOLUMETRIC  FLOW  RATE 

13,40  1 

EAL/HR 

FUEL  PRESSURE  AT  F/M 

301.6 

PSIA 

FUEL  TEMP  AT  F/M 

97. 

DEG  F 

**  MISCELLANEOUS  TRANSDUCER  REAOINGS  ** 
MANIFOLD  AVERAGE  OURNER  OUTLET  TOTAL  PRESSURE  94,33  PSIA 
COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  97.73  PSJA 

BURNER  DIFFERENTIAL  TOT4L  PRESSURE  9,B4  "H6 


(XDUCER  «  II) 
(XDUCER  N  13) 


•  CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SAMPLES  TAKEN  IN  PLANE  *1 


C02 

1.889 

X 

02  19.200 

X 

CO 

46,1 

PPM 

CHX  .6  PPM 

NO 

20.1 

PPM 

N02  4,4 

PPM 

NOX 

32.8 

PPM 

(NO(NDIR)  +  NOECNOUV)} 

NO 

17,3 

PPM 

Nt’2  .0 

PPM 

NOX 

17,3 

PPM 

t  chemiluminescence  ] 

EMISSIONS 

INDEX 

,  LB/1000  L9 

FUEL! 

CO* 

4,96 

CHX*  .10 

chemiluminescence 

NOX* 

2.93, 

NOIR  *  NDUV  NOX*  9.51 

CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,001798 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  90.0479  X 
CHECK  ON  F/A  RATIO-  F V A  •  , 409079  N/0  02.  CALCULATED  09  ■  11*380  X 

SMOKE  INQEX: 

SALTZMAN  nox  •  JS*#g  PPM 

. 

Figure  299.  Final  Prechamber  Liner  Modification  "B”  on  Pressure 
Atomizer  Injection  at  Regenerative  4096  Power. 
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T63  COMBUSTOk  EXPERIMENTS  «  RIG  P/U  67,  TEST  SERIES  70,  READING  * 

T63  FlN*t  PRECHAmBER  MOO"B"  RUN  REGENERATIVE  T63  INLET  CONDITIONS 
TEST  OATES  8-10-72  READING  NAS  TAKEN  AT  1641110  HOURS 

CYCLE  POINT  5  46  X  POWER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  air  Flow  2. *48  LS/SEC  avg  burner  INLET  TEHP  759*  06G  P 

AVG  BURNER  INLET  PRES  59.6  PSIA  AVG  BURNER  OUTLET  TEMP  1327,  DE3  F 

AVG  BURNER  DELTA  r  9,89  "MG  PRESSURE  LOSS  6,13  X 

OVERALL  F/A  RATIO  ,P39*2  (F/M)  FUEL  FLOW  RATE  62,06  LB/HN 

air  load  factor  1,4031  pattern  factor  ,34030 

BOT  HUT  SPOTI  *  It  •  1535,  DEG  F  MAX  BOT  /  AVG  BOT  1,1970 

FUEL  INLET  TEMPERATURE  139,  DEG  F  FUEL  INLET  PRESSURE  S7,0  P8IA 

HEAT  LOADING  PARAMETER  ,24767E*07  BTU/HOUR/ATM/CUBIC  FOOT 

***•  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 

10  TEMP  ID  T£MP  ID  T{MP  ID  TEMP  10  TEMP  !0  TEMP  ID  TEMP 
ANNULUS  1  2  1231,  «  1212,  ISSSSSSS  it  1366,  24  1430,  27  1320,  36  1430. 

ANNULUS  2  4  1251,  7  1229.  16  1939,  21  1210,  23  1344,  34  1337,  37  1422, 

ANNULUS  3  5  11.62,  14  1433.  17  1*87,  22  1231,  26  1260,  35  1300.  30  1163. 

LEFT  SIOE  ***  AIR  INLET  TUBE  CONDITIONS  ***  RIGHT  SIDE 

TOTAL  PRESSURE  59.69  PSIA  TOTAL  PRESSURE  SO, 66  P8IA 

STATIC  PRESSURE  59,15  P5IA  STATIC  PRESSURE  30.36  P8IA 

VELOCITY  DELTA  P  ,51  *HG  VELOCITY  DELTA  P  1,06  "HG 

AIR  TEMPERATURE  715,  DEG  F  AIR  TEMPERATURE  715,  DEG  F 

AIR  VELOCITY  191,16  FT/SEC  AIR  VELOCITY  168,45  FT/SEC 

DIFFERENTIAL  PRESSURE  J  I  (LEFT  P-TOTAL)- (RIGHT  P-TOTAL))  -.303  "HG 

air  Flow  daT*i  P-RfcF«  104,2  PSIA  DELTA  P"  2,80  "HG  T-REF"  09,  DEG  F 


fuel  system  oatai 

Fuel  F/M  FRF.GUEmCY  338.  FZ  VOLUMETRIC  FLOW  RATE  13,44  GAL/HR 
FUEL  PRESSURE  AT  F/M  303,9  PSIA  FUEL  TEMP  AT  F/M  OS,  DIG  F 

**  MISCELLANEOUS  TRANSDUCER  READINGS  ** 

MANIFOLO  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  54,03  PSIA 

COMBUSTOR  OUTER  CASE  5TATIC  PRESSURE  58,21  PSIA  JXDUCER  6  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  9.80  "HG  (XOUCER  0  13) 


•  CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SAMPLES  TAKEN  IN  PLANE  *1 


C02 

1.641 

X 

02 

19.100 

X 

CO 

NO 

13,4 

PPM 

NU2 

4.4 

PPM 

NOX 

NO 

12.8 

PPM 

NC2 

2.6 

PPM 

NOX 

EMISSIONS  INDEX,  LB/1000  LB  FUEL  I  CO" 
CHEMILUMINESCENCE  NOX" 


06,7  PPM  CHX  3.0  PPM 
17,8  PPM  tNO(NOJR)  ♦  N02(N0UV)J 
15,6  PPM  t  Ci'FM  I  LUMINESCENCE  J 
0,40  CHX"  ,02 

2,05,  NDXR  *  NDUV  NOX"  3.03 


CALCULATED  FlEL/AIR  RATIO  FROM  CHEMICAL  •NALYSISl  ,000506 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSISl  00,6027  X 
CHECK  ON  F/A  RATIO-  F/A  ■  ,008060  N/0  02,  CALCULATED  02  •  10,430  X 

SMOKE  XNOEXt  A  IS* 

SALTZMAN  NOX  ■  PFM 

REMARKSI 

Figure  300.  Final  Prechamber  Liner  Modification  "Br  on  Wall  Fuel 
Film  Injection  at  Regenerative  40%  Power. 
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r*3  cn*!**usn;.<  r.*Pr>  HEnTS  -  RIG  e/U  67,  TEST  SEHIES  79,  HEADING  ft  906 

io3  f i ^ a u  Hst'Crtui-^tr1  -n ••  n>.  (-.eGt-NfKAnve  ?6s  inlet  conditions 

I E ST  OATES  a-i'.-75f  READING  NAS  TAKEN  AT  1726126  hOuHS 


(.VCtd  POINT  4 


55  X  Pl)W£R  SETTING 


*****  '■  /P'HImFk  Tai  rm  ■’)  T10*<S  ***** 


P'jS;  ,'L*  AH  ruij.  i*. ‘'S'!  L'/EtC 

AvG  BURNER  IvLiT  NKKS  o3,6  PSIA 
AVG  tiUnNfcW  DELTA  P  18.78  "hG 
OVERALL  F  /  A  RATIO  . »-!  1  :> 5 M  (  F  /  N  ) 

AIK  LOAt)  FACTOR 

HOT  HOT  SPOT  I  -  It  ■  17  39.  DEG  F 
FUEL  INLET  TE«i»rHj»THKE  H3.  Ofcti  F 
HEaT  lUAOInG  PAKAK^TtH  ,272i'('Lf,‘7 


«Vb  eiiFNiH  HLEf  1 1 HP  764,  OEG  F 
AVG  BURNER  OUTLET  TEHP  1452.  DEG  F 
PRESSURE  loss 

fuel  flof  raif; 
pattern  FACTOR 
HA*  bOT  /  AVG  80T 
KIEL  iNLfcT  PRESSURE 
PTU/HOUK/ATR/CUPIC  FOOT 


8.81  X 

188,95  LB/hr 

.41711 

1.1876 

83.2  PSIA 


****  BURNER  0  ITLfcT  TEMPERATURE  SURVEY  **** 
ll\  TRi-P  I n  Tk.-ip  in  TEMP  io  TEMP  10  TEMP  10  TEMP  1U  TEMP 
Ainn'JLUS  1  2  1J44,  6  13-52.  IS  lkbR.  19  1458,  24  1575,  27  1492,  36  1365, 

ANNULUS  2  4  13A*.  7  i3?3.  16  1739.  Pi  1349,  25  1477,  34  1418,  37  1531, 

annulUS  3  5  12f-l.  14  157/.  j7  it>73.  22  1364.  26  1373,  35  1397,  39  1269, 


LEi-T  SI  OF 
TOTAL  PRESSu-E 
siAtn:  pressure 

vELOCI  ( i  UE I  T A  h 
AH  TEMPER  a  T'/n? 
ah  VFlOCITV 


**•  AH  INLET  TUNE  CONDITIONS  *** 


65.37  PSJA 
h  4  ,  ^ /  PSIA 

1,37  "kg 
754.  UEU  F 
2oV, -16  FT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  delta  P 
ah  TEMPERATURE 
AJK  VELOCITY 


DIFFERENTIAL  PNrSSu»E«  ICLEFT  P-TO t al H TRIGH1  P-TOTALTJ 


RIGHT  SIDE 
65.72  PSIA 
65,24  PSIA 
1.82  "MG 

764,  OEG  F 
179,27  Ff/SEC 
•  ,269  "H  li 


AH  FI.Un  D* T a s  ('."in  l-M.ti  PSIA  OEI.Ta  P»  3.26  "HG  T-REF*  62,  DEG  F 


MiEi.  ST STtf*  DAT*: 

F otL  F7M  FnE.-.uEnCY  T7p,  H  voLuhETmIC  FlO*  RATE  16,26  GAL/HR 

FUEL  PWfSS"Pr  if  V  h*  P!»1,N  PSIA  F"U  T£MP  AT  F/M  96,  OEG  F 

**  M*(.Ei.l.A\w>JS  TRANSlDiCE*  READINGS  a* 

R An | foe 0  A V f k A •  j t  ruRNfcR  OuTLtT  KTAt  PRESSURE  60,38  PSIA 

CUMRUSTOR  OUTER  CASE  STATIC  PRESSURE  64,10  PSIA  (XDUCER  ft  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  10,57  "MG  (XDUCfc*  ft  13) 


*  CHEMICAL  ANALYSIS  RESULTS  • 
GAS  SAMPLES  TAKER  IN  PLANE  ft) 


C02 

2.856 

X 

02  16,787 

% 

CO 

22,5 

PPh 

CHX  1.8  PPM 

NU 

31.6 

PPM 

N02  5.6 

PPM 

NUX 

37.3 

PPH 

(N0(ND16)  4  N02 (NOUV ) ) 

NO 

31.4 

PP»! 

nu?  i.a 

PPM 

NOX 

93.4 

PPM 

(  CHEMILUMINESCENCE  ) 

EMISSIONS 

IUDF.N 

,  LH/18'A-a  10 

FoELI 

CO* 

2,88 

CHX*  ,15 

ChEnIU'mInESCENCF 

MJX» 

5.86, 

NDIR  ♦  NDUV  NQX»  5.65 

CALCULATED  FUEL/aH  RATIO  FROM  CHEMICAL  ANALYSIS!  ,819615 

CALCULATED  C0MBU5T1DN  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  99.8642  X 
CHECK  UN  F/a  KAlia-  ft  A  ■  .809073  R/0  C2.  CALCULATED  02  ■  18,139  X 


SMOKE  INDEX  I 
SALTZmAN  nox  ■ 


.t,4 

t?± 


Fit 


PPM 


Figure  301.  Final  Prechamber  Liner  Modification  "B"  on  Wall  Fuel 
Film  Injection  at  Regenerative  SSX  Power. 
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T«3  COMiJUSTOH  EXPERIMENTS  -  RIG  8/U  67,  TEST  SERIES  79,  READING  »  987 

16i  FINAL  PPeCHAMbER  HOOXb"  RUN  REGENERATIVE  T63  INLET  CONDITIONS 
TEST  OATEI  *-18-72  READING  NAS  TAKEN  AT  17481  8  HOURS 

CYCLE  POINT  4  59  X  POKER  SETTING 


k» 


*****  EXPERIMENTAL  CONDITIONS  ***** 


BURNER  AIR  FLO-  2.818  L«/3EC 

avg  burner  inlet  pres  88.8  psia 

AVG  BURNER  DELTA  P  18.8?  "NG 
OVERALL  F/A  RATIO  ,i*1064  <F/P) 

AIN  LOAO  FACTOR  1.3961 

HOT  HOT  SPOT  I  *  IN  •  1863,  DEG  F 
FUEL  INLET  TEMPERATURE  t03.  DEG  F 
HEAT  LOADING  PARAMETER  ,2/265£*f7 


AVG  BURNER  INLET  TEHP  764, 
AVC  BURNER  OUTLET  TEMP  1451, 


PRESSURE  LOSS  6,61 
FUEL  FLO*  RATE  16«,3| 
PATTERN  FACTOR  ,38776 
PAX  HOT  /  AVG  SOT  I, i486 
FUEL  INLET  PRESSURE  22S.3 


BTU/HOUN/ATM/CUSIC  FOOT 


DEG  F 
DEG  F 
% 

L8/HR 


PSIA 


**•*  BURNER  OUTLET  TEHPERATURE  SURVEY  ***• 

10  TEHP  ID  T£nP  ID  TEHP  ID  TEhP  10  TEHP  IQ  TEHP  ID  TEHP 
ANNULUS  I  ?  1355,  6  13*9.  15  1617,  19  ISPS.  94  1867.  27  1468,  38  1877, 
ANNULUS  2  4  1371,  7  1327,  16  1663.  21  1319,  35  1483,  34  1485,  37  1879, 
ANNULUS  3  5  !2«P.  1*  1518.  17  1633.  22  1339,  28  1488.  36  |488,  39  1298, 


LEFT  SlOE 
TOTAL  PRESSURE 
STATIC  PRESSURE 
''ELOCITV  DELTA  P 
!R  TEMPERATURE 
AIR  VELOCITY 


***  AIR  INLET  TUBE  CONDITIONS  •** 


65.48 

65,13 

.70 

764, 


PSIA 
PSIA 
"HG 
DEG  F 


148,97  FT/SIC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIN  TEHPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRtSSUREl  ( (LEFT  P-?OTAL)-f RIGHT  P-TOTAD) 


RIGHT  8I0C 
65,72  PSIA 
88,16  PSIA 
1,16  *Hg 

764.  OEG  F 
191,46  7T/.8CC 
-.483  "HG 


AIN  FLO*  OATai  P.NtF*  103,7  P3IA  DELTA  F*  3,28  "HG  T-RCF*  98,  OEG  F 


fuel  system  data* 

fuel  F/N  FREQUENCY  372,  HJ  VOLUMETRIC  FLOW  RATE  18.26  GAL/HR 

FUEL  PRESSURE  AT  F/N  478.6  F8IA  FUEL  TUP  AT  P/M  IBS,  DEG  F 


••  MISCELLANEOUS  TRANSDUCER  READINGS  •• 

MANJFOLO  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  88.38  PSIA 

Combustor  outer  case  static  rressure  ss.sf  psia  cxpucer  •  m 

BURNER  OIPFCRENTIAL  TOTAL  PRESSURE  18.45  *hc  CxOUCfR  *  13) 


•  CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SAMPLES  Taken  in  PLANE  Ml 


C02 

2.167 

* 

02  18,888 

X 

CO 

34,4 

PPM 

NO 

48.1 

PPM 

N02  6.0 

PP» 

NOX 

46,1 

PPM 

NO 

39,2 

PPM 

NOf  ,0 

PPM 

NO  * 

39,2 

PPM 

EMISSIONS 

INDEX 

,  1>/1«MP  LO 

FUEL! 

CO* 

3,18 

CHEMILUMINESCENCE  NOX*  5,91 


CHS  ,3  PPM 

XNOIR)  *  NOt(NOUV)) 

:hehiluhinescence  i 

CHX ■  ,84 

NOIR  *  NOUV  NO**  8,95 


CALCULATED  FLEL/AIR  RATIO  FROM  CHEMICAL  ANAL YSISl  ,819898 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  88,8913  | 
CHECK  UN  F/A  RATIO-  F/A  a  .81PS99  M/0  02.  CALCULATED  02  •  18,883  I 

SMOKE  INDEX!  2.2.  3? 

SALTZhAn  NOX  •  PPM 

REMARKS!  'pr€>Sttrt~ 

Figure  302.  Fiat!  Prechamber  Liner  Modification  "B"  on  Pretaure 
Atomiser  Injection  at  Regenerative  55#  Power. 
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T63  CO«bUSTl.«  tXPERlHE*TS  -  RIG  b/u  67,  TEST  SERIES  79,  REA0XN6  *  968 

f  63  FINAL  P»£CH/Hrt»-n  MOO’S*  RUN  REGENERATIVE  T6J  INLET  CONDITION* 

TEST  0»T€J  6-K-72  READING  *AS  TAKEN  AT  1*14127  HOUR* 

CVCtE  moist  3  75  5  ROWER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  A  IS  FLO*  7.814  LB/SEC  AvG  BURNER  INLET  TERR  64»,  0E6  f 

AVG  BURNtR  lvLET  PRES  /4,7  PSIA  AVG  BURNER  OUTLET  TEHR  1997,  DEC  R 

AVG  KuhnER  DELTA  P  11,03  5  PRESSURE  LOSS  7.29  X 

OVERALL  F/A  RATIO  .RI291  t.  /M)  FUEL  FLOW  RATE  121,64  LB/HR 

AIM  LOAD  FACTO*  1,3668  PATTERN  t  ACTOR  ,3*144 

HOT  HOT  SPIT;  •  lfr  •  19?4,  DEG  F  MAX  BOT  /  AVG  BOT  1.1*23 

FUEL  INLET  temperature  1*4.  rtG  F  fuel  inlet  PRESSURE  294,9  RSIA 

MEAT  LOADING  RAR*Rfc!|R  .2906*t*67  8 Tl /HOUR/ ATH/CUBIC  FOOT 

*•••  BURNER  OUTLET  TEMPERATURE  SURVEY  **•* 

10  TERM  ID  TEMP  JO  TEMP  ID  TEMP  ID  TEMP  10  TEMP  10  TEMP 
ANNULUS  1  2  1617,  6  1437,  19  1793.  19  1675,  24  17*2,  27  1*2B.  36  1791, 

annijlUN  2  4  1563.  7  1463,  16  1624.  21  1467,  29  1629.  34  1979,  37  1749, 

ANNULUS  3  9  1 4P2 .  14  1633.  17  1797.  22  1463.  26  1531.  39  1911,  39  1419, 


left  SIOC  ***  AIR 

INLET  TUBE 

CONDITIONS  *•• 

RIGHT  SIDE 

total  pressure 

74,7* 

PSIA 

TOTAL  pressure 

74,66 

PSIA 

STATIC  pressure 

74,17 

PSIA 

STATIC  PRESSURE 

73.94 

PSIA 

VELOCITY  OELTA  P 

1.46 

“MG 

velocity  delta  p 

1,46 

•MS 

Ai*  temperature 

SAW 

OES  F 

AIR  TEMPERATURE 

649. 

OEG  P 

AIR  VELOCITY 

177.34 

FT/SEC 

AIR  VELOCITY 

2S6.16 

FT/SIC 

DIFFfRHNTlAL  P4FSS0RE1  KLEFT  P-TOTAL) 

-(RIGHT  P-TOTAL)! 

.676 

•MG 

air  F  Lf,“  l1  A  T  *  t  N-NkF* 

1  M3, 2 

PSIA  DELTA  P*  3.71  "MG  T-RfF*  *6, 

,  OEG  P 

FUEL  STSTi*  DATA* 

Fun.  Ft M  frequency 

*91, 

Ml 

VOLUMETRIC  FLOP  RATE 

19,74 

fAL/NR 

fuel  pressure  at  F/M 

M12.1 

PSIA 

FUEL  temp  AT  P/M 

t6t. 

016  F 

••  MISCELLANEOUS  TRANSDUCER  BEaOINGS  *• 

MANIFOLD  AVERAGE  BURNER  GUTLET  TOTAL  PRESSURE  69, 26  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  72,9*  PSIA  (XOuCER  *  11) 

BURNER  DIFFERENTIAL  total  PRESSURE  11.B6  *H8  (XOUCIR  •  1*) 

•  CHEMICAL  ANALYSIS  RESULTS  * 

GAS  SAMPLES  Ta»?N  IN  PLANE  *1 

CO?  2,392  X  02  1S.2SS  X  CO  32, S  PPM  CMS  ,1  PPM 

NO  43.7  PPM  MU?  1,1  PPM  NOS  71S*  PPM  (NO(ROIR)  ♦  NOI(NOUY)} 

NO  *6.7  PPM  NC2  .9  PPM  NOS  6S,7  PPM  t  CHlMILUMlMlBClNCt  ) 

“.MISSIONS  INDEX,  L0/1P4R  L*  FulL I  CO*  2,67  CMS*  ,Bt 

CmEMIlmNINESCENCE  NOS*  9.19,  NDIR  •  NOUV  NOS*  9,«1 

calculated  fuel/air  ratio  from  chemical  analysis*  ,•!!••* 
Calculated  combustion  efficiency  from  chemical  analysis*  t9,ssst  x 
CitCK  ON  F/A  NAT  10-  F/A  •  ,411297  N/O  02.  CALCULATED  Ot  •  17.71*  % 

SMOKE  INDEX*  11-99 

SALTImAN  NUS  •  “7^»3  FPM 

Figure  303.  Final  Prechamber  Liner  Modification  "B"  on  Pressure 
Atomiser  Injection  at  Regenerative  SSJt  Power. 
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*  RIG  S/U  67»  UST  ««M  79,  REAOING  ft  999 
IlL  l  ,l  PI,ECH**Hk*  ^O-B"  #UW  REGENERATIVE  Tf>3  INLET  CONDITIONS 
Tk5T  OftTtJ  M-ii.7?  READING  FAS  TAKEN  AT  1833*37  HOURS 


CYCLU  POINT  i 


&0NNtR  AIN  FLO* 

A  VU  hilhNtft  I^UfT 
AVU  auRNEN  (>6LT# 
CVtRALL  F/A  RATI 
*1*  LOAD  FACTO-J 
BOT  MOT  SPOT)  * 
FUEL  1  **Lt T  TF.MPF. 
"fftT  loading  pan 


*****  EXPERIMENTAL 
2.805  lb/scc 


RFtS  75,0 
f  lt.«2 
0  .1*1209 

1.3489 
tr*  «  1883. 
NATURE  295. 


PSIft 

»HG 

<F/M) 

DtG  F 
OtG  F 


75  X  PORE*  SETTING 

CONDITIONS  ***** 

*WG  BURNER  INLET  TEHP  841,  DEG  F 
AVG  BURNER  OUTLET  TEHP  1687.  OIG  F 


PRESSURE  LOSS 
FUEL  FLO*  RATE 
PATTERN  FACTOR 
RAX  SOT  /  AVG  SOT 
FUEL  INLET  PRESSURE 


ARHER  .29N41E+P7  STU/HLUR/ATR/CUBIC  FOOT 


7.61  X 

182.96  L0/HR 

.33365 

1.1599 

71.4  PSIA 


*•••  RUNNfcH  OUTLET  TtftPERATURE  SURVfV  •*** 

10  T£TP  10  TEHP  IC  TIHP  ID  T|RP  10  TEHP  ID  TEHP  10  TERR 

ANNULUS  1  i  15N5,  N  1436.  IS  1728.  )9  |6|8.  S4  g7  JJ  [7JJ 

ANNiJLuS  2  4  1497.  7  i4ftu.  \f  1663.  21  16P2  25  1633  34  ms  i,  . 

. »  * '««.  >*  >/».: \? !>«: « \i:i: ll \lii:  n  jj;J:  » 'Ml: 


LEFT  sioe 
TOlAL  PRESSURE 
STATIC  PRESSonT. 
VELOCITY  DEI ya  V 
AIN  TtPRkNAT.Mf 
*1*  VELOCITY 


4I«  JNLfeT  TUBE  CONDITIONS  **• 


74.92  PSIA 
74.23  PSIA 
1.41  *FG 
44),  OEG  F 
2i’«,13  FT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIN  TEMPERATURE 
AIN  VELOCITY 


DIFFERENTIAL  PRESSURE)  TUFFT  P*T0TAL)-(N1UHT  P-TOTAL)) 
AIN  Flo*  OaT a )  P-NTT*  1*3,2  PSIA  riLTA  P*  3.68  *H6 


RIGHT  SIOE 
78,97  PSIA 
74,27  PSIA 
1.64  *H( 

641.  OEG  F 
319.64  FT/SEC 
•.314  *HG 

’•REFft  »7.  OIG  F 


full  syster  oatai 

FUF-L  F/h  FreDUFeCY  453, 

FUEL  PRESSURE  a!  F/n  41 i),p 


VOLONETHlC  FLOh  RATE  19,83  GAL/HR 
FUEL  TEHP  AT  F/H  10),  p|g  F 


••  “lSttLLANEtiUS  TRANSDUCER  READINGS  •* 

"ANIFOLO  average  burner  outlet  total  preIBURI  09.29  piia 

LOMUSIOR  ODTfft  CASE  STATIC  PRESSURE  73.89  PSIA  tIDUCER  •  «*% 

.»«.  »l»r.K.iu  T...I  mbw  !JJ  ISStn  :  Ui 

•  CHfcHICAL  analysis  risultb  • 
gas  SAHPLtS  TAKEN  IN  Plane  ftl 


CO* 

2.283 

« 

12 

NO 

62.3 

Ml 

nr, 

7P  ,  7 

UP 

E  h  T  •> 

YiONS  l 

,  LF/ 

12  18.25R  X  CO 

M?  7.2  PPM  POX 
PC2  ,*  PPF  NCX 

,  LF/l*A-»  LB  FUEL!  C0« 
t*k  P-lLUN INESCENCE  NOX* 


36.9  PPH  CHX  ,4  RPR 

69,5  FPR  (NO(NOIR)  ♦  N02(N0UV)) 
7P.7  PPH  I  CHEHlLURINESClNCI  1 
*•**  CHX •  ,95 

9.49,  NOIR  *  NOUV  NOX*  9.24 


CALCIJLATFC  FLEL/»tR  RATIO  FRfiF  CHEMICAL  ANALVtIII  .919714 

CALCULATED  COHmistjon  FFFiciLNCY  PROP  CHfHlCAL  ANALYSIS*  99.B719  1 
CHUR  UN  P/a  R AT  10*  P/A  •  .018933  R/0  08.  CALCULATED  0*  •  17.9U  | 


SHi,«t  INDEX)  .  <2. 

SAiTlrtAft  NOX  •  “l§.0  PPN 

Figure  304.  Final  Pre  chamber  Liner  Modification  B»n  on  Wall  Fuel 
Film  Injection  at  Regenerative  75X  Power. 
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res  coheusroR  experiments  •  mis  b/u  o?,  rear  semis  79,  reaoins  •  eta 

tbs  final  mcH*M*E*  hoo«8»  run  regenerative  res  inlet  condition* 

TEST  DATE  t  B-Hf-78  READING  NAS  TAKEN  AT  1199145  HOURS 

CYCLE  POINT  9  IBS  X  BONER  SETT JN$ 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIN  ALO*  3.664  LB/SEC  AVG  BURNER  INLET  TEMP  970.  DEC  f 

atr  euNHcu  inlet  pres  e«.s  psia  avg  burner  outlet  temp  ioa§,  oes  p 

AV6  Burner  delta  P  14. J7  "MG  pressure  loss  S.IS  % 

OVERALL  7/a  RATIO  .<H400  (F/M)  FUEL  FLON  RATE  IS8.4«  LB/NR 

air  loao  factor  i.sees  pattern  factor  .3889} 

NOT  NOT  SPOT  I  *  IB  •  2134.  OEG  F  HA*  BOT  /  AVG  BOT  1.1849 

FUF.L  INLET  TEMPERATURE  164.  OEG  F  FUEL  INLET  PRESSURE  71.4  PSIA 

HEAT  LOADING  PARAMETER  ,S2699E*|7  BTU/HOUR/ATM/CUBIC  FOOT 

•**•  BURNER  OUTLET  TEMPERATURE  SURVEY  •*•* 

10  TEMP  10  TEMP  10  TfNP  10  TEMP  ID  TCNP  10  TERP  ID  TENP 
ANNULUS  1  8  16TS.  «  1664.  IS  8878.  }9  17B».  84  8812.  27  lS78.  36  2849, 

ANRULUS  8  4  1654.  7  172].  16  2}34,  21  1791.  28  1919.  34  1797,  37  1998. 

ANNULUS  S  ft  1633.  14  2967.  17  8973.  22  1762.  28  1788.  38  1797,  39  1939. 

left  side  ...AIR  inlet  tube  CONDITIONS  •**  RIGHT  SIDE 

TOTAL  PRESSURE  64.72  PSIA  TOTAL  PRESSURE  64,16  PSIA 

ST'?:r  PRESSURE  94,13  PSIA  STATIC  PRESSURE  14,19  PSIA 

'FllUTV  OELTA  P  1,21  "PC  VELOCITY  DELTA  P  1.56  "MG 

AIR  TEMPERATURE  97l.  OEG  F  AIR  TEMPERATURE  978.  OEG  P 

AIR  VELOCITY  169.97  FT/SIC  AIR  VELOCITY  187.31  FT/8EC 

DIFFERENTIAL  PRESSURE t  ((LEFT  P*TOt ALWRIGMT  P*T0TAL)1  «,348  *MB 

AIR  FLCR  DATA!  P.MtF*  192,9  PSIA  DELTA  P*  4,49  *NG  T-RIP*  88.  DEG  P 

PUEl  STSTEm  DATA! 

Fuel  P/«  FREQUENCY  978.  Ml  VOLUMETRIC  PLOm  rate  29,99  CAL/NR 

fuel  PRESSURE  at  F/n  399.9  PSIA  FulL  TCNP  AT  P/M  1*9.  DEB  P 

«•  MISCELLANEOUS  TRANSDUCER  READINGS  •• 

*AN!FOlO  AVERAGE  SuRNl*  OUTLET  TOTAL  PRflSORI  77,78  P*lA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  12.24  ASIA  (XOUCf*  9  IS) 

BURNER  DIFFERENTIAL  total  PRESSURE  14.19  «Hf  (IDUCCR  R  13) 

*  CMfNICAL  ANALYSIS  RESULT!  • 

GAS  SAMPLES  TAKEN  IN  PLANE  ft 

C02  2.673  X  «2  17.398  X  CO  3i.t  PPM  CHI  ,9  PPM 

NO  192.6  PPM  MOP  9,1  PPM  HO*  119.7  PPN  (NO(NOIR)  ♦  NOt(NOUV)) 

NO  133.9  PPM  N02  ,9  PPM  N0I  113,9  PPN  t  CNENtLUMlNftCENCE  1 

EMISSIONS  INDEX,  LB/1999  L*  PuCLl  CO*  2,17  CNK*  ,19 

CHEMILUMINESCENCE  NOl*  19,21*  NOI*  *  NDUV  NOX*  (4.94 

CAlCULATEO  PUEl/AIR  RATIO  FROM  CHEMICAL  ANALYSIS*  ,912792 

‘‘ALCIH.ATEO  COMBUSTION  EFFICIENCY  PROM  CHEMICAL  ANALYSIS!  9*. 9*89  X 
CHECK  ON  P/a  RATIO*  P/A  •  ,911791  6/0  0*.  CALCULATEO  Of  «  |7,tC7  X 

9N0KE  1N0EXI  /./» 

SALTIMAN  NOX  •  j(  PPN 


REMARKS* 


"£•/*"/ WiiZ 


Figure  30$.  Final  Pr*ch4w»ber  Liner  Modification  "B"  on  Wall  Fuel 
Fiba  Injection  at  Regenerative  100#  Power*. 
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T63  COHtfUSToa  EXP£hI«Ef.TJ  -  RIG  0/U  67,  TEST  SERIES  70,  READING  P  911 

T6a  FINAL  PRECHAhBEH  H00”6"  RUN  REGENERATIVE  T63  INLET  CONDITIONS 
TEST  OATEt  6-1L-72  PEA01NG  HAS  TAKEN  AT  1916189  HOURS 


CYCLE  POINT 


ISO  S  POKER  SETTING 


*****  EXPERIMENTAL  CONDITIONS  ***** 


BURNER  AIN  Flo*  3,639  LB/SEC 

avg.  hunker  inlet  prfs  #4,7  psia 

AVG  BUHNER  DELTA  P  14,96  •NS 

overall  f/a  ratio  .fists  if/p j 
air  load  FACTOR  1.3968 

BOT  Hot  SPOT t  *  16  •  8186.  0E6  F 

FUEL  INLET  TEMRtRATuRE  198.  DEG  F 
HEAT  LOADING  PARAMETER  ,38693E*f7 


AVG  BURNER  INLET  TEMP  976. 
AVG  BURNER  OUTLET  TEMP  1881, 


PRESSURE  LOSS  B,lS 
FUEL  PLON  RATE  189.86 
PATTERN  FACTOR  .91196 
MAX  BOT  /  AVG  BOT  1.1469 
FUEL  INLET  PRESSURE  984,1 


BTU/H0UR/ATP/CU6IC  FOOT 


DEG  F 
DEG  P 
1 

LB/NR 


PSIA 


*••*  BURNER  outlet  TEMPERATURE  SURVEY  o *•* 

ID  T£PP  IU  TEMP  ID  TEMP  ID  TEMP  IC  TEMP  JO  TEMP  10  TEMP 
annulus  1  9  1716,  6  1669,  IS  8674,  19  }B8t,  84  8R16.  17  lBRB.  38  8848, 
ANNULUS  8  4  1799.  7  1684,  16  8186.  81  1689,  89  1981,  94  1«B3,  37  1998, 
ANNULUS  9  9  168P.  14  8«28,  17  8966,  28  1883,  86  1798,  38  1998.  99  1*99, 


L-FT  SlOt  •**  AtR  : 

inlet  TURK 

CONDITIONS  ••* 

RIGHT  9101 

TtTAL  PRESSURE 

64.61 

FSIA 

total  pressure 

•  4.97 

Fit  A 

static  pressure 

64,12 

F9I A 

STATIC  PPEIIUPI 

•4.19 

Fit  A 

VELOCITY  OELTA  P 

1.61 

•MS 

VELOCITY  OELTA  P 

1.99 

■Mi 

air  tempfraturc 

P7f. 

DEG  F 

AIN  TEMPERATURE 

479, 

DIG  F 

AIR  VELOCITY 

176,89 

FT/SEC 

AIR  VELOCITY 

199,99 

FT/SEC 

DIFFERENTIAL  PRESSURE!  ((LEFT  PwTOTAL) 

•  (PISNT  P.TOTAUI 

*,982 

•MS 

AIR  FlU*  DATA!  P-NtF* 

199.9 

PIIA  DELTA  P*  4,91  "NG  T*«tF«  98, 

OIG  F 

fuel  system  oatai 

fuel  f/n  frequency 

977, 

PI 

volumetric  flop  rati 

89.94  9AL/M9 

fuel  FREStURC  AT  F/P 

997.4 

F8I A 

fuel  temp  at  f/m 

194, 

oes  f 

••  MISCELLANEOUS  TRANSDUCER  READINGS  •• 

PANIFOLO  AVERAGE  BURNER  OUTLET  TCTAL  PRESSURE  77,99  PIIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  99,98  PSIA  (XOutIR  •  11) 

SURnER  DIFFERENTIAL  TOTAL  PRESSURE  19.G9  'Ml  (XOuCKG  •  19) 


•  CHEMICAL  ANALYSIS  RESULTS  • 
Gas  samples  Taken  In  Plane  at 
C08  2.799  X  02  17.8S9  S  CO 

NO  188,9  PPM  NU8  9,9  PPM  NCI 

NO  138,8  PPM  N08  ,9  PPM  BOX 

EMISSIONS  INDEX,  LS/1R89  L9  FulLI  CO* 
CHEMILUMINESCENCE  N0»* 


*9,8  PPM  CMX  *9  PPM 

191,1  PPN  (NO(NOIR)  ♦  NOI(MOUY)) 
199,9  PPM  (  CMEPILUMSMISCENei  ) 
8.98  CMX*  ,99 

19,4},  MOSS  *  MOUY  NOX*  14.99 


CALCULATE 0  FuCL/AIP  RATIO  PROP  CHEMICAL  ANALYSIS!  ,91919* 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  99.9979  t 
CHECK  ON  P/A  PATIO*  ft  A  •  .919999  N/0  09.  CALCULATED  09  ■  17,999  t 

SMOKE  INDEX!  ZLC 

SALTEmAN  NOV  «  m  FPR 


REMARKS! 


% 


A£j  j  U 


Figure  306. 


Final  Pr* chamber  Linar  Modification  on  Freaaure 
Atomiser  Injection  at  Regenerative  100%  Power. 
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TABU  UXVill.  EMISSION  INDEX  SUMMARY  FOR  T63-A-SA  GAS 
TURBINE  ENGINE  COMBUSTORS  KIG  TESTED  AT 
REGENERATIVE  ENGINE  CONDITIONS  OVER  THE 
LOH  DUTY  CYCLE 


C  H  — 


S*l«*ton  Const! ru-int 


Coobuetor 


EMISSION  INDEX  (lb  eaUsiona/lQCO  lb  fuel) 
Baseline  T63-A-5A 

*  Nonregenera tive  .  378  13.804 

*  Regenerative  .116  9-488 

Final  Design  Preohasfcer 
Mod.  “B“ 

*  Veil  Fuel  rtln  2.239  6-873 

*  Pressure  Algol ter  .C73  4.321 


Rertleulete* 


373 

13-804 

6.412 

.040 

2?. 

116 

9-488 

9.403 

•  346 

19. 355 

2239 

6-873 

6.536 

.012 

15.60O 

-C73 

4.321 

7  735 

.455 

12.5S* 

'ABLE  LXXIX.  EMISSION  INDEX  SUMMARY  FOR  T63-A-SA  GAS 


c n  > 
u  o 

H 

CO  M 
a.  a 
O  2 
H  O 
CO  CJ 
X 

m  u 
X  2 
O  M 
U  CJ 
2 

U  CjJ  fJ 
2  J 

h  y  o 

O  >  >> 
Z  H  CJ 
W  H 
C  > 
UJ  o£  H 
ZUD 
2  Q 
CQ  Cl3 
£*  U  X 
X  U  Q 

H  I*  3 


0.20  Ib/sec 


Airflow  Rate,  W 

a 

Inlet  Temperature,  BIT  =  84°F 

Inlet  Pressure,  BIP  «  14.5  psia 

Fuel-Air  Ratio,  F/A  =  0.047 

Fuel  Flow  Rate,  =  34  lb/hr 

These  conditions  were  maintained  for  60  seconds  with  the  spark 
igniter  activated.  A  light-off  was  not  obtained  in  either  fuel 
injection  mode.  Data  acquisition  readings  taken  prior  to  and  during 
each  fire-up  attempt  are  presented  in  Figures  307  through  310. 
Repositioning  the  spark  igniter  in  the  dome  adjacent  to  the  atomizer 
nozzle  during  startup  with  the  pressure  atomizer  fuel  injection 
should  have  produced  satisfactory  results.  Similarly,  repositioning 
the  spark  igniter  flush  with  the  vaporizer  tube  wall  and  slightly 
downstream  from  the  wall  film  injector  holes  may  have  produced 
ignition  in  the  wall  fuel  film  injection  mode. 

Emission  /combustor  data  were  obtained  for  the  Final  Prechamber 
Modification  "B"  combustor  liner  operating  on  both  fuel  injection 
modes  for  a  nine- point  set  of  parametric  combustor  conditions. 

Three  values  of  four  parameters  were  set  on  the  combustor,  the 
middle  value  of  the  three  being  the  nominal  test  value.  The  para¬ 
metric  point  values  tested  were  the  following: 


Airflow  Rate,  W  (lb/sec) 

1 

2 

3 

Inlet  Temperature,  BIT  (°F) 

200 

600 

1000 

Inlet  Pressure,  BIP  (psia) 

32 

60 

92 

Exhaust  Temperature,  B0T  (°F) 

1100 

1500 

1700 

The  nine  parametric  operating  conditions  at  which  the  Prechamber 
Modification  "B"  combustor  was  tested  using  wall  fuel  film  injection 
are  reproduced  in  Figures  311  through  319.  A  summary  of  these 
data  is  '■een  in  Table  LXXX.  The  detailed  test  results  for 
pressure  atomizer  operation  are  given  in  Figures  320  through  328 
and  summarized  in  Table  LXXX. 

Modification  »C" 

Final  Prechamber  Modification  "C"  was  a  simple  change  to  Modifica¬ 
tion  "B”,  viz,  that  of  closing  the  twelve  reaction-zone  air  admission 
holes.  It  was  intended  that  wall  fuel  vaporization  would  be 
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T63  COMBUSTOR  EXPEkIHEnTS  -  RIG  B/U  67,  TEST  SERIES  8*.  REAOING  *  812 

TMT  Blit.PR£C?r!5R*  r°°  ',8,'  RUN  ELECTRICAL  IGNITION  3TUOY  ON  VEE  PLUG 
TEST  DATE.  8-11-72  READING  WAS  TAKEN  AT  1421142  HOURS 


CYCLE  POINT  7 


*****  EXPERIMENTAL 
.204  LB/SEC 


burner  AIR  flow 

AVG  BUHNER  INLET  PRES  14.5  PSIA 
AVG  BURNER  DELTA  P  ,13  *HG 

overall  F/ a  ratio  .00000  (F/w) 

AIR  LOAO  FACTOR  .3293 

BOT  HOT  SPOTI  a  34  *  83,  DEG  F 

FUEL  INLET  TEMPERATURE  83.  DEG  F 


f!  X  POWER  SETTING 

CONDITIONS  ***** 

AVG  BURNER  INLET  TEMP  84,  DEG  f 
AVG  BURNER  OUTLET  TEMP  83.  DEG  F 
PRESSURE  LOSS  ,45  X 

FUEL  FLOW  RATE  .08  LB/HR 

PATTERN  FACTOR  -.44203 

MAX  BOT  1  AVG  80T  1,0849 

FUEL  INLET  PRESSURE  14,2  PSIa 


heat  lqaoIng  parameter  ,00008E*e0  btu/mdur/atm/cubic  foot 

****  BURNER  OUTLET  TEMPERATURE  SURVEY  *»*« 
ID  TEMP  ID  TEMP  10  TEMP  ID  TEMP  ID  TEMP  ID 
*NNULUS  12  83.  6  83.  15  83.  18  83.  24  83.  27 

ANNULUS  24  83,  7  83,  16  83.  21  83.  23  S3.  34 

ANNULUS  3  5  82.  14  83.  17  82.  22  83,  26  82.  35 

LEFT  SIOE 

TOTAL  pressure 
STATIC  PRESSURE 
VELOCITY  OELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


***  air  inlet  tube  conditions  *•* 


14.46  PSIA 
14.43  PSIA 
.02  "MG 
34.  OEG  F 
33.40  FT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


TEMP  10  TEMP 
83.  36  S3, 

83.  37  S3. 

83.  30  83. 

RIGHT  SIOE 
14.46  PSIA 
14.43  PSIA 
.02  "MG 
84.  OEG  F 
31.80  FT/IEC 
•*803  «HG 


DIFFERENTIAL  PRESSURE!  [(LEFT  P-TQTAL)- (RIGHT  P-T0TALJ1 
AIR  FLOW  OATil  P-REF.  109. 6  PSIA  DELTA  P*  .24  «HG  T-REP*  92.  OEG  F 
FUEL  SYSTEM  oatai 

FUEL  F/M  FREQUENCY  ,  HZ 

FUEL  PRESSURE  AT  F/M  13,8  PSIA 


VOLUMETRIC  FLOW  RATE 
FUEL  TEMP  AT  F/M 


.88  GAL/HR 
83.  DEG  F 


-  .  „  **  MISCELLANEOUS  TRANSDUCER  READINGS  ** 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  14.39  PSIA 
COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  14, Sg  p*i* 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  ,13 

SMOKE  INOEXI  X 

8ALTZMAN  NOX  *  X  PPM 

REMARKS! . . . 


(XDUCER 
"HG  (XDUCER 


11) 

13) 


Pr*.  fir*. 


Figure  307. 


Final  Prechamber  Liner  Modification  "B"  Startup  Test 
on  Wall  Fuel  Film  Injection  -  Prefire  Conditions, 
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T63  CnhBuSTOR  EXPErI m£n r$  -  RIG  B/U  67,  TEST  SERIES  80,  READING  *  913 
T63  FINAL  PRECHANhEj,,  f*OR  «(j«  RUN  ELECTRICAL  IGNITION  STUDY  ON  VEE  PLUG 
TEST  OATEl  8-11-72  READING  NAS  TAKEN  AT  1425135  HOURS 


CYCLE  PUINT 


0  X  POWER  SETTING 


**** 

burner  air  flo* 

AVG  BURNER  inlet  PR£S 
AVG  BURNER  DELTA  P 
OVERALL  P/A  RATIO 
AIR  LOAD  FACTOR 
80T  HOT  SPOTI  *  27  * 

fuel  inlet  temperature 

heat  LOADING  PARAMETER 


*  EXPERIMENTAL 
.20 9  LB/SEC 
14.7  PSIA 


.16 
04718 
.3325 
89. 
63. 


“MS 

fF/M) 

OEG  F 
DEG  F 


CONDITIONS  ***** 

AVG  BURNER  INLET  TEMP  S5. 
AVG  BURNER  OUTLET  TEMP  75. 
PRESSURE  LOSS  .55 
FUEL  FLOW  RATE  35,53 
PATTERN  FACTOR  -.55784 
MAX  BOT  /  AVG  BOT  1.0691 
FUEL  INLET  PRESSURE  14,5 


,43203E*07  BTU /HOUR /ATM /CUBIC  FOOT 


OEG  P 
DEG  P 
X 

lb/hr 


PSIA 


‘NNULUS  1 

annulus  2 

ANNULUS  3 


**•«  BURNER  OUTLET  TEMPERATURE  SURVEY  *•** 


ID 

TEMP 

ID 

TEMP 

ID 

TEMP  ID 

TEMP 

ID 

TEMP 

ID 

TEMP 

ID 

TEMP 

P 

77. 

6 

76. 

15 

73,  10 

68, 

24 

7  2. 

27 

00, 

36 

P3 

4 

78. 

7 

78. 

16 

73.  21 

69. 

25 

PS. 

34 

70. 

37 

73 

5 

78.  14 

76. 

17 

74.  22 

*1, 

26 

00, 

35 

FP. 

39 

77 

LEFT  Side 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


***  AIR  INLET  TUBE  CONDITIONS  *** 


14.67  PSIA 
14.66  PSIA 
.03  “HG 
85.  DEG  F 
40.04  FT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRESSURE*  ( (LEFT  P-TOTALJ-KRIGHT  P-TOTAL)] 


RIGHT  SIDE 
14,60  PSIA 
14,67  PSIA 
.01  ”H6 

64.  OEG  P 
30.25  FT/SEC 
••002  "HG 


AIR  FLO*  OAT  A  t  P-KEFo  110,0  PSIA  DELTA  P»  .25  “HG  T-REF*  92.  DEG  F 


FUEL  SYSTEM  OATAI 

FUEL  F/M  FREQUENCY  130.  HZ  VOLUMETRIC  PLOW  RATE  5,71  6AI./HR 

FUEL  PRESSURE  AT  F/M  94,2  PSIA  FUEL  TEMP  AT  F/M  S3,  DEC  P 


**  MISCELLANEOUS  TRANSDUCER  READINGS  *• 
MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  14,59  PSIA 
COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  14.53  P8IA 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  ,10  *HG 


(XOUCER  8  11) 
IXDUCER  0  13) 


SMOKE  INDEX!  X 

SALTZMAN  NOX  a  X  ppp 


REMARKS* 


Ftim  Mry}  /e 


Figure  308.  Final  Prechamber  Liner  Modification  ”Bn  Startup  Test 
on  Wall  Fuel  Film  Injection  -  Conditions  During 
Fireup  Attempt. 


S08 


b 

t 

U; 


T63  COMBUSTOR  EXPERIMENTS  -  PIG  B/U  67,  TEST  SERIES  80,  READING  N  014 
T«3  PINAL  PRECHAMBER,  MOO  "8"  RUN  ELECTRICAL  IGNITION  STUDY  ON  VEE  PLUG 
TEST  OATEl  0-11-72  READING  NAS  TAKEN  AT  1491*84  HOURS 

CYCLE  POINT  7  B  X  POWER  SETTING 


*****  EXPERIMENTAL  CONDITIONS  ***** 


BURNER  AIR  FLO*  .172  LB/SEC 

AVG  BURNER  INLET  PRES  14,5  PSIA 
AVG  BURNER  OELTA  P  ,12  "MG 

OVERALL  F/A  RATIO  ,00000  (F/M) 

air  load  factor  .2775 

SOT  hot  SPOT!  A  34  ■  84,  DEG  F 

FUEL  INLET  TEMPERATURE  83.  DEG  F 
HEAT  LOADING  PARAMETER  , 00000E+P0 


AVG  BURNER  INLET  TEMP  07. 
AVG  BURNER  OUTLET  TE«P  S3, 
PRESSURE  LOSS  ,42 

FUEL  FLOW  RATE  ,00 

PATTERN  FACTOR  -.40618 

MAX  BOT  /  AVG  BOT  1,0887 
FUEL  INLET  PRESSURE  14,0 
BTU/MOUR/ ATM/CUBIC  FOOT 


DEG  P 
DEG  P 

X 

LB/HR 


PSIA 


F 

$» 

} 


\ 


***«  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 


ID 

TEMP 

10 

TEMP  ID 

TEMP  ID 

TEMP 

ID 

TEMP 

ID 

TEMP 

ID 

TEMP 

annulus 

i 

2 

84, 

6 

84.  15 

84,  10 

64. 

24 

64. 

27 

64, 

36 

84 

ANNULUS 

2 

4 

64, 

7 

83.  16 

83.  21 

63. 

25 

S3, 

34 

84. 

37 

64 

ANNULUS 

3 

5 

83,  14 

83.  17 

63.  22 

83. 

26 

S3. 

35 

83, 

30 

83 

LEFT  SIDE 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  OtlTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


***  AIR  INLET  TUBE  CONDITIONS  **• 


14,46  PSIA 
14.45  PSIA 
,02  "MG 
8?.  DEG  F 
34,27  FT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRESSURE  1  [(LEFT  P-TOT AL} - (R IGMT  P-TOTAL) 


RIGHT  SIDE 
14,46  PSIA 
14,45  PSIA 
.01  "MG 

65,  OEG  F 
00,32  FT/SEC 
-.002  "MG 


AIR  FLOW  data:  P-RfcF*  10V, 8  PSIA  DELTA  P*  .17  "HG  T-REF*  02,  DEG  F 
fuel  system  data: 

FUEL  F/M  FREQUENCY  ,  hz  VOLUMETRIC  FLOW  RATE  ,02  GAL/MR 

FUEL  PRESSURE  *T  F/*  13,9  PSIA  FUEL  TEMP  AT  F/M  83,  OEG  F 


*»  MISCELLANEOUS  TRANSDUCER  READINGS  ** 
M4NJF0L0  AVERAGE  HuRNER  OUTLET  TOTAL  PRESSURE  14,40  PSIA 
CUMHUSTOR  OUTER  CASE  STATIC  PRESSURE  14,51  PSIA 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  ,12  "MG 


(XOUCER  «  11) 
(XDUCER  4  13) 


SMOKfc  INDEX  I  * 

SALTZhAN  NUX  PPM 


REMARKS: 


Qarfa 


Figure  B09.  Final  Prechamber  Liner  Modification  "B"  Startup  Test 
on  Wall  Fuel  Film  Injection  -  Prefire  Conditions. 
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T6S  COMBUSTOR  EXPERIMENTS  -  RIG  B/U  67,  TEST  SERIES  80,  READING  •  919 
T63  PINAL  PRECHAM8ER,  MOO  "8*  RUN  ELECTRICAL  IGNITION  STUDY  ON  VEE  PLUG 
TEST  DATEl  8-11-72  READING  MAS  TAKEN  AT  1434125  HOURS 


CYCLE  POINT  7 


0  X  POWER  SETTING 


BURNER  AIR  FLO* 

AVG  BURNER  INLET  PRES  14,7 
AVG  BURNER  DELTA  P  ,13 
OVERALL  F/A  RATIO  .04760 
AIR  LOAD  FACTOR  .3018 
80T  HOT  SPOT!  »  27  •  «i. 
FUEL  INLET  TEMPERATURE  S3. 


EXPERIMENTAL 
.190  LB/SEC 
PSIA 
"HG 
(F/M) 


DEG 

DEG 


CONDITIONS  ***** 

AVG  BURNER  INLET  TEMP 
AVG  BURNER  OUTLET  TEMP 
PRESSURE  LOSS 
FUEL  FLOP  RATE 
PATTERN  FACTOR 
MAX  BOT  !  AVG  BOT 
FUEL  INLET  PRESSURE 


HEAT  LOADING  PARAMETER  .39S9BE+97  BTU/HOUR/ATM/CUBIC  FOOT 


85,  DEG  F 
76.  DEG  F 
.44  X 

32.63  LB/HR 
-.54147 
1.0663 
102.3  PSIA 


***•  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 


10 

TEMP 

ID 

TEMP  ID 

TEMP  ID 

TEMP  10 

TEMP 

10 

TEMP  10 

TEMP 

ANNULUS 

1 

? 

77. 

6 

77.  15 

73.  19 

70.  24 

74. 

27 

61.  36 

76 

ANNULUS 

2 

4 

77. 

7 

78.  16 

74.  21 

70.  25 

76. 

34 

78.  37 

76 

ANNULUS 

3 

5 

79, 

14 

76.  17 

74.  22 

72.  26 

80, 

35 

79.  39 

78 

LEFT  SIOE 
total  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


***  AIR  INLET  TUBE  CONDITIONS  *•• 


14,70  PSIA 
14, £9  PSIA 
,02  "MG 
65.  DEG  F 
37,88  FT/8EC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRESSURE:  KLEFT  P-TOTALJ-CPIGMT  P-TCiT AL)  1 


RIGHT  SIOE 
14.71  PSIA 
14.70  PSIA 
.02  "HG 

68.  OEG  F 
31.37  FT, SEC 
-.004  "HG 


AIR  FLOW  DATA:  P-REF*  110,1  PSIA  DELTA  P*  .21  "HG  T-KEF*  92,  DEG  F 

fuel  system  data: 

fuel  R/m  frequency  hr.  hz  volumetric  flow  rate  5.2*  gal, hr 

FUEL  PRESSURE  at  F/M  143.3  PSIA  FUEL  TEMP  AT  F/M  64,  OEG  F 

«•  MISCELLANEOUS  TRANSDUCER  READINGS  ft* 

MANJF0L0  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  14,64  P8IA 

COMBUSTOR  OUTER  C*5£  STATIC  PRESSURE  14,53  PSIA  (X0UCER  «  11) 

BURNER  D1FFE»EnT14L  TOTAL  PRESSURE  .13  "HG  (XOUCER  *  13) 

SMOKE  INDEX t K 

SALTZman  nQX  *x  ppm 


remarks: 

f/u 

(Prtssur-t  /c 

Figure  310.  Final  Prechamber  Liner  Modification  ”B”  Startup  Tent 
on  Pressure  Atomizer  Injection  -  Conditions  During 
Fireup  Attempt. 
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T63  COMBUSTOR  EXPERIMENTS  -  RIG  B/U  07,  TEST  SERIES  61,  READING  ft  016 
T6S  PINAL  PRECNAHBER,  MOO  *6"  RUNNING  PARAMETRIC  PERFORMANCE  STUDIES, 


£ 

TEST  DATE! 

8-11-72 

READING  WAS  TAKEN  AT 

1B05!43 

HOURS 

| 

CYCLE  POINT 

7 

8  X 

POWER  SETTING 

*****  EXPERIMENTAL 

CONDITIONS  ***** 

| 

BURNER  AIR  Flow 

2,039 

LB/SEC 

AVG  BURNER  INLET  TEMP  300, 

DEG  F 

i 

t 

}  * 

AVG  BURNER  INLET  PRES 

50.4 

PSIA 

AVG  BURNER  OUTLET  TEMP  1402. 

DEG  F 

AVG  BURNER  DELTA  P 

9,11 

"HG 

PRESSURE  LOSS 

4,23 

X 

OVERALL  F/A 

RATIO 

B1983 

(F/M) 

FUEL  FLOW  RATE 

118.01 

LB/HR 

AIR  LOAD  FACTOR  1 

,  P038 

PATTERN  FACTOR 

,86056 

f 

BOT  HOT  SPOT!  ft  l«  ■ 

2098. 

OEG  F 

•MAX  BOT  /  AVG  BOT 

1.4142 

FUEL  inlet  TEMPERATURE 

89. 

DEG  F 

FUEL  INLET  PRESSURE 

98.6 

PSIA 

i 

MEAT  LOADING 

PARAMETER 

, 34632E+07  BTU/HOUR/ ATM/CUBIC  FOOT 

i 

•***  BURNER 

OUTLET  TEMPERATURE  SURVEY  **** 

i 

10 

TEMP  iu 

TEN’ 

10  TEMP 

10  TEMP  10  TEMP  ID 

TEMP  TD 

TEMP 

r 

ANNULUS  1  2 

1216,  6 

1123. 

15  1021. 

10  1672.  24  1977.  27 

1416,  36 

16BR. 

ANNULUS  2  4 

1286,  7 

1167. 

16  2096, 

21  1158.  25  1427.  34 

1373,  37 

1767. 

annulus  3  9 

1040,  14 

1B99, 

17  1066. 

22  1176.  26  1312.  38 

1817.  30 

1184, 

f 

LEFT  SIDE 

«** 

AIR 

inlet  tube 

CONDITIONS  *•* 

RIGHT 

SIOE 

l 

TOTAL  PRESSURE 

99. 38 

PSIA 

TOTAL  PRESSURE 

90,41 

PSIA 

STATIC  PRESSURE 

59.17 

PSIA 

STATIC  PRESSURE 

90.89 

PSIA 

1 

VELOCITY  delta  p 

.42 

"MG 

VELOCITY  DELIA  P 

.72 

"HG 

AIR  TEMPERATURE 

390, 

PEG  F 

AIR  TEMPERATURE 

300. 

DEG  F 

i 

AIR  VELOCITY 

101.02 

PT/SEC 

AIR  VELOCITY 

133. 84  FT/SEC 

DIFFERENTIAL 

PRESSURE! 

((LEFT  P-TOTAL)-(RIGMT  P-TOTAL)) 

-.070 

"HG 

AIR  FLOW  OAT  A I  P-RfcFw  134,2  PSIA  DELTA  P»27.79  "MG  T-REFft  09,  OES  P 


i  fuel  system  oata» 

f  FUEL  F/M  FREQUENCY  427.  FI  VOLUMETRIC  FLOW  RATE  IS, 60  GAL/HR 

i  FUEL  PRESSURE  AT  F/M  123,6  PSIA  FUtL  TEMP  AT  F/M  60,  DEG  F 

•  *  MISCELLANEOUS  TRANSDUCER  READINGS  •* 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  96,68  PSIA 
i  COMRUSTOW  OUTER  CASE  STATIC  PRESSURE  98,61  PSIA  (XDUCER  ft  11) 

BURNER  DIFFERENTIAL  total  PRESSURE  9,06  «HG  (XDUCER  ft  13) 

*  CHEMICAL  ANALYSIS  RESULTS  * 

GAS  SAMPLES  TAKEN  IN  PLANE  ftl 

C02  3,198  X  02  17.300  4  CO  2PP.7  PPM  CHX  IP, 8  PPM 

NO  24.6  PPM  NC2  13,3  PPM  NOX  37,0  PPM  (NO(NDIR)  ♦  N02(N0UV)) 

NO  M4  Pi*  PPM  AO?  / 3.4  *rS  PFM  NOX  m.l  t*r«  PPM  t  CHEMILUMINESCENCE  ) 

EMISSIONS  INDEX,  LR/lFfM  Lfl  FUELI  CO*  12.45  CHX<  1,88 

CHEMILUMINESCENCE  NOX«  W4*,  N01R  ♦  NOUV  NOX*  3,86 

CALCULATED  FijtL/AIH  RATIO  FROM  CHEMICAL  ANALYSIS!  .S14SS2 

CALCULATED  COMBUSTinN  EFFICIENCY  FROM  CMtMlCAL  ANALYSIS!  0O.9BSS  X 
CHECK  on  F/a  ratio-  F/A  •  ,015143  w/0  02,  CALCULATED  02  ■  10,588  X 

SMOKE  INOEXt  7.  17 

SALTlMAN  NOX  A  44o  PPM 

REMARKS!  £yv*T  FW  tL 

Figurt  311,  Final  Prechamber  Liner  Modification  "B"  on  Wall  Fuel 
Film  Injection  Parametric  Teat  a*  BIT  ■  400*F. 
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T65  C0M8UST0R  EXPERIMENTS  -  RIO  e/U  67,  TEST  SERIES  SI,  REAOING  •  917 

TS3  PINAL  PREChahBER,  MOD  "8"  RUNNING  PARAMETRIC  PERFORMANCE  STUDIES, 
TEST  OATEI  6-11-72  READING  MAS  TAKEN  AT  10411  •  HOURS 

CYCLE  POINT  7  S  t  PONER  SITTING 


*****  EXPERIMENTAL  CONDITIONS  ••*•• 


BURNER  AIR  Flo*  2,(929  LS/SEC 

AVG  BURNER  INLET  PRES  6(9,4  PSIA 
AVG  BURNER  DELTA  P  fl.73  «RG 

OVERALL  F/A  RATIO  .01367  (F/M) 

AIR  LOAO  FACTOR  1.0929 

80T  MOT  SPOT t  U  16  a  1743,  DEG  F 
FUEL  INLET  TEMPERATURE  92,  DEG  F 
MEAT  LOADING  PARAMETER  .29922E+07 


AVG  BURNER  INLET  TEMP  SOB, 
AVG  BURNER  OUTLET  TEMP  19BB, 


PRESSURE  LOSS  3,47 
FUEL  FLON  RATE  101.34 
PATTERN  FACTOR  ,20970 
MAX  60T  /  AVG  BOT  1.1020 
FUEL  INLET  PRESSURE  90,4 


BTU /HOUR /ATM /CUBIC  FOOT 


DEG  F 
DEG  F 
X 

lb/hr 


F8IA 


•***  BURNER  OUTLET  TEMPERATURE  SURVEY  •*•• 

ID  T€*P  t0  TEMP  ID  TEMP  id  TEMP  ID  TEMP  ID  TEMP  ID  TIHP 
ANNULUS  1  2  1444,  6  1323,  IS  1713.  19  1442.  24  1082.  27  lS8B%  SO  1943. 
ANNULUS  2  4  1441.  7  1341.  10  1743.  21  1413,  29  1613,  34  145B.  37  1940, 
ANMJLUS  3  9  1260.  14  1732,  17  1629.  22  1471.  20  1420.  39  1484.  39  1296, 


LEFT  SIDE 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


••«  AIR  INLET  TUBE  CONDITIONS  *** 


64.40  P6I A 
64.16  PSIA 
.49  "MG 
SOP,  DEG  F 
121.12  FT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRESSURE!  ULEFT  P-TUTAL) - fRIGMT  P-TOTAL)) 


RIGHT  SIDE 
69,46  PSIA 
60.17  PSIA 
.00  "HG 

000.  DEG  r 
132,97  FT/OEC 
*•114  "HG 


AIR  Fl'J*  OATAI  F.meF*  104,4  PSIA  DELTA  P»27.59  "HG  T-REF"  98.  DEG  F 
fuel  system  oatai 

FUEL  F/m  FREQUENCY  374.  MI  VOLUMETRIC  Flow  RATE  10.30  GAL/MR 

FUEL  PRES5URE  aT  F/e  128.4  PSIA  FUEL  TEMP  AT  F/H  92.  DEG  P 

**  MISCELLANEOUS  TRANSDUC''  REAOINGS  •• 

MANIFOLD  Average  buRE'ER  OUTLET  TOTAL  ’RE*  URE  97,13  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  89.00  PSIA  (XDUCER  •  11) 

burner  DIFFERENTIAL  total  PRESSURE  6,87  "MG  (XDUCER  0  13) 


*  CHEMICAL  ANALYSIS  RESULTS  * 
c-s  samples  Taken  in  plane  *i 


CO? 

2.523 

X 

12  18,200 

X 

CO 

91.9 

PPM 

NO 

39. A 

PPM 

MS  11.5 

PPM 

NOX 

et.i 

PPM 

NO 

39.2 

P  PR 

NL2  4,9 

PPM 

NCX 

AA.l 

PPM 

EMILS  IONS 

INDEX 

.  IB/1IC00  LB 

FUEL 

I  CO* 

0.49 

CMEMILU"INESCENCE  NOX*  3,11, 


CHX  a.7  PPM 
(NQ(NOIR)  ♦  NOB(NDUV)) 
t  CHEMILUMINESCENCE  ) 
CHX*  .30 
NOIR  *  NDUV  NOX*  S.90 


C*LCUlATEO  FLEL.-AIR  PATIO  FROM  CHEMICAL  ANALYSIS!  .011700 

CALCULATED  COMRvSTIUn  EFFICIENCY  FRO"  CHEMICAL  ANALYSIS!  99,7713  X 
CHECK  UN  F/A  rath*  F/A  •  ,012107  M/0  02,  CALCULATED  02  •  17,470  X 

SMOKE  INDEX!  2.87 

saltiman  nox  •  5“5*,7  ppm 


Figure  312.  Final  Prechamber  Liner  Modification  "B"  on  Wall  FUel 
Film  Injection  at  Parametric  Test  Nominal  Conditions. 
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T63  COMBUSTOR  EXPERIMENTS  -  RIG  B/U  67,  TEST  SERIES  81,  READING  *  GIB 
>63  h  INAL  PRECHA^BtR ,  >*00  "S"  RUNNING  PARAMETRIC  PERFORMANCE  STUDIES, 
TEST  DATE*  8-11-72  READING  NAS  TAK*N  AT  1729115  HOURS 

CYCU  POINT  7  0  i  POWER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  FLO*  2,455  LB/SEC  AVG  BURNER  INLET  TEMP  1302,  DEG  F 

AVG  BURNER  InLcT  PrES  50.2  P5IA  AVG  BURNER  OUTLET  TEMP  1499,  DEG  P 

AVG  BURNER  DELTA  P  9,18  MRG  PRESSURE  LOSS  7,61  X 

OVERALL  F/A  RATIO  ,03848  (F/M)  FUEL  FLO*  RATE  62,74  LB/HR 

air  loaq  factor  l.awBt?  pattern  factor  ,21322 

BOT  MOT  SPUTi  *  19  *  1629,  DEG  F  MAX  BOT  /  AVG  BOT  1,0841 

FUt'L  INLET  TEMPERATURE  9C,  OEG  F  FUEL  I.  LET  PRESSURE  54,2  PSIA 

MEAT  LOADING  p AN ANETgH  ,18643E*P7  0TU/HOUR/ATM/CUBIC  F03T 

****  rtURNER  OUTLET  TEMPERATURE  SURVEY  **** 

ID  TgNP  io  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  10  TEMP  ID  TEMP 
ANNULUS  l  2  1497.  6  1445.  15  1825.  19  1456,  24  1591,  27  1478.  56  1614, 

ANNULUS  2  4  1 47  D .  7  1466,  16  1624,  21  1446,  29  15J5,  54  1470,  37  1597, 

ANNULUS  3  5  1389,  14  16M0,  17  1643,  22  1455,  26  |425.  35  1430,  39  1421, 

LEFT  SIDE  ***  AIR  INLET  TUBE  CONDITIONS  •*•  RIGHT  SIDE 

TOTAL  PRESSURE  64.03  PSIA  TqTAL  PRESSURE  60,10  PSIA 

STATIC  PRESSURE  59.60  PSIA  STATIC  PRESSURE  99,60  PSIA 

VELOCITY  DELTA  P  ,81  *MG  VELOCITY  DELTA  P  ,05  *HG 

AIR  TEMPERATURE  1002,  OEG  F  AIR  TEMPERATURE  1002,  DEG  F 

AIR  VELOCITY  183,29  FT/SEC  AIR  VELOCITY  107,64  FT/SEC 

DIFFERENTIAL  PRESSURE!  C (LEFT  P-TOTAL)-(RIGHT  P-TOTAL)!  -.215  "HG 

AIR  FL04  DATA!  P-RtF*  104,7  PSIA  DELTA  P*27,94  "HG  T-REF*  90,  DEG  F 

FUEL  SYSTEM  DAT  A i 

Fuel  P/M  FREQUENCY  233.  M2  VOLUMETRIC  FLO*  RATE  11,14  GAL/HR 

FUEL  PRESSURE  AT  F/M  141,1  PSIA  FUEL  TEMP  AT  ft M  96,  DEC  F 

*•  miscellaneous  transducer  READINGS  •* 
manifold  average  burner  outlet  total  pressure  55,94  psia 

COMBUSTOR  outer  CASE  STATIC  PRESSURE  50,74  PSIA  (XOUCER  »  11} 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  9,07  "HG  (XOUCER  *  13) 

*  CHEMICAL  ANALYSIS  RESULTS  • 

GAS  SAMPLES  TAKEN  IN  PLANE  «} 

C02  1,769  X  02  19,200  X  CO  22,1  PPM  CHX  1,0  PPM 

NO  22,9  PPM  n02  2,4  PPM  NOX  84,9  PPM  (NO(NOIft)  ♦  N08(N0UV)J 

NO  20,1  PPM  N02  .0  PPM  NOX  18.1  PPM  t  CHEMILUMINESCENCE  ) 

EMISSIONS  INDEX,  LB/1080  LB  FUEL!  CO*  8,54  CHX*  ,10 

CHEMILUMINESCENCE  NOX*  3,41,  NDIR  ♦  NOUV  NOX*  4,71 

CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,001831 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  99.9139  X 
CHECK  ON  F/A  RATIO-  ft  A  •  ,000409  */ 0  08,  CALCULATED  08  •  11,930  X 

SMOKE  INOEXlX 

SALTZMAN  NOX  *2^.4  PPM 


Figure  3X3.  Final  Prechamber  Liner  Modification  "IT  on  Wall  Fuel 
Film  injection  Parametric  Teat  BIT  ■  1000*F. 
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T63  COMBUSTOR  £ XP£K IM£NTS  -  RIG  8/U  67,  TEST  SERIES  Si,  READING  *  019 

163  FINAL  PWECHAMRfcR,  HOD  "6"  RUNNING  PARAMETRIC  PERFORMANCE  STUDIES, 
TEST  DATE i  8-11-72  READING  MS  TAKEN  AT  1800*40  HOURS 

CYCLE  POINT  7  0k  PONER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

t»V«NER  AIR  HO*  2. *31  LP/SEC  AVG  BURNER  INLET  TEMP  307,  OEG  F 

AVG  BURNER  InLET  PRES  32,3  PSIA  AVG  BURNER  OUTLET  TEMP  1303,  DEG  F 

Av'G  BURNER  DELTA  P  14,21  "MG  PRESSURE  LOSS  21,40  X 

OVERALL  F/A  RAUU  .*1425  (F/M)  FUEL  FLOP  RATE  104,17  LB/HR 

AIR  LOAD  FACTOR  2. *311  PATTERN  FACTOR  ,29720 

BOT  MOT  SPOT t  *  16  ■  1772,  OEG  F  MAX  SOT  /  AVG  SOT  1,1701 

FUEL  INLET  TEMPERATURE  95,  DEG  F  FUEL  INLET  PRESSURE  27,7  PSIA 

MEAT  LOADING  PAR*,-tTEN  ,37l93E*e7  BTU/HOUR/ATM/CUBIC  FOOT 

**«*  BURNER  OUTLET  TEMPERATURE  SURVEY  **•* 

10  TEMP  10  TEMP  ID  TEMP  10  TEMP  10  TEMP  10  TEMP  10  TEMP 
ANN'jLUS  1  2  1437,  6  1273,  13  1S93,  10  1387,  24  1700,  27  i860,  30  1534, 

ANNULUS  2  4  1422.  7  1294,  16  1772,  21  1337,  28  1653,  34  1460.  37  1375, 

ANNULUS  3  5  129«S  14  1767.  17  1636.  22  1446,  26  1317,  33  1476,  30  1306, 

LEFT  SIDE  *•♦  AIR  INLET  TUBE  CONDITIONS  ***  RIGHT  SIDE 

TOTAL  PRESSURE  32,41  PSIA  TOTAL  PRESSURE  32,60  P0IA 

STATIC  PRESSURE  31,72  PSIA  STATIC  PRESSURE  32,67  PSIA 

VELOCITY  DELTA  P  1,41  "MG  VEIOCITY  DELTA  P  1,08  "Hr 

AIR  TEMPERATURE  598,  DEG  F  AIR  TEMPERATURE  397,  OCG  P 

AIR  VELOCITY  261,23  FT/SEC  AIR  VELOCITY  244,67  FT/'  C 

OIFPEREnTIAL  PRESSURE*  !  (LEFT  P-TOTAL)- (WIGHT  P-TOTAL))  -.385  »*« 

AJR  FLOM  DATA!  P-RfcF*  1*4, S  PSIA  DELTA  P*27,13  "HG  T-REF*  07,  DEG  F 

FUEL  SYSTEM  OATAi 

fuel  f/h  frequency  saa,  pz  volumetric  flo*  rate  18,04  gal/hr 

fuel  PRESSURE  at  F/P  133,8  PSIA  FUEL  TEMP  AT  F/M  98,  DIG  f 

*•  MISCELLANEOUS  TRANSDUCER  READINGS  •» 

MANIFOLD  average  burner  OUTLET  total  PRESSURE  25,52  PSIA 

COMBUSTOR  CUTER  CASE  STATIC  PRESSURE  3S.S1  PSIA  (XOUCER  6  It) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  14,01  "HG  (XOUCER  6  13) 

•  CHEMICAL  ANALYSIS  RESULTS  * 

GAS  SAMPLES  TAKEN  IN  PLANE  Nt 

C02  2.058  X  19  1S,5«0  k  CO  651, S  PPM  CNX  81,6  PPM 

NO  9,8  HP*  NC2  6,1  PPM  NOX  27,8  PPM  (NO(NOXR)  ♦  NOI(NOUV)) 

NO  9,5  **PM  N02  lf,l  PPM  NOX  19,6  PPM  [  CHEMILUMINESCENCE  ) 

EMISSIONS  INDEX.  LB/ 1*08  LB  FulL*  CO*  44,04  CHX*  6,93 

CHEMILUMINESCENCE  NOX*  2,21,  NOlR  ♦  NOUV  NOX*  1,11 

CALCULATED  FUtL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,010134 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS*  67,7136  | 

CHCCn  ON  F/A  RATIO-  F/A  ■  .611234  K/0  Ot.  CALCULATED  02  •  18,870  X 

Smoke  INOExi* 

SAlUHAN  NOX  •  /£,  7  FPM 


Figure  314.  Final  Prechamber  Liner  Modification  "B"  on  Wall  Fuel 
Film  Injection  Parametric  Test  at  BIP  *  32  paia. 
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T63  CCl*tU'STo<  fiMfKlHMS  -  RIG  6/U  67,  TE8T  SERIES  81,  READING  *  020 

T63  FI*AL  PRFCn.-t'ER,  *00  "9"  RUNNING  P*RAMfc  TRIC  PERFORMANCE  STUDIES, 
TEST  HATE.:  P-ll-7?  READING  MAS  TAKEN  AT  1830159  HOURS 

CYCLE  POINT  7  P  t  POWER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

HURNtR  AIR  KlG*  2.1135  LB/SEC  AVG  BURNER  InLET  T£MR  601.  OEG  F 

avg  burner  inlet  pres  92.7  psia  avg  burner  outlet  tehp  tsia.  deg  r 

AVG  (SUMMER  0 1 L  r A  P  3.76  "MG  PRESSURE  LOSS  1,90  X 

OVcRALL  F  /  a  RATIt.  ,B1 359  (F/M)  FUEL  FLOW  RATE  09.57  LB/HR 

AIR  LOAO  FACTOR  .7152  PATTERN  FACTOR  ,30040 

BO  r  «OT  SPOT  t  Ml  fit  1  857,  OEG  F  RAX  SOT  /  AVG  BOT  1,2302 

FUEL  INLET  TFMPtRATuRE  93,  OEG  F  FUEL  INLET  PRESSURE  87.4  PSIA 

MEAT  LOADING  PARAMETER  ,19170t*07  BTU/HOUR/ATM/CUBIC  FOOT 

****  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 


ID  TEN P  10 

TgMP 

10  TEMP 

ID  TEMP  10  TEMP 

10 

TEMP  ID 

TEMP 

annulus  i  2  )3y&.  6 

1263, 

15  1820, 

19  1485,  24  1760, 

27 

1097,  36 

1921, 

annulus  2  A  1323,  7 

1317. 

16  1,57. 

01  1488,  05  1077, 

34 

1302,  37 

1924, 

AnmjLUS  3  5  11*7,  14 

1717. 

17  1730, 

02  1553.  20  1410, 

35 

1370,  39 

1209. 

LEFT  SIDE  *** 

i  AIR 

inlet  tube 

CONDITIONS  ••* 

RIGHT  SIDE 

TOTAL  PRESShME 

92.69 

PSIA 

TOTAL  PRESSURE 

90,00 

PSIA 

STATIC  PRESS'1*? 

92.44 

PSIA 

STATIC  PRESSURE 

92.55 

PSIA 

VFL UC I T 1  OELTA  ? 

,5« 

"MG 

VELOCITY  DELTA  P 

,26 

*HG 

AIR  TfcMPLHAT'.'RE 

031  , 

DEG  F 

AIR  TEMPERATURE 

OBI. 

OEG  F 

AIR  VELOCITY 

98.73 

FT/SEC 

AIR  VELOCITY 

71,50 

FT/SEC 

OIFFt»ENTlAL  PHcSSt'MEJ 

{(LEFT  P-TOTAU*(RIGMT  P-T0TAU1 

,083 

*HG 

*IR  FLOW  OATAI  M.Rt?* 

145,2 

PSU  DELTA  P*26 ,39  «HG 

T*REF*  74, 

OEG  F 

Fu€l  SYSTEM  OATAI 

fuel  f/m  frequency 

300, 

MZ 

VOLUMETRIC  FLOn  RATE 

1«. 09 

GAL/HR 

fuel  PRESSURE  at  F/M 

139,0 

PSIA 

FUEL  TEMP  AT  F/M 

94. 

0E8  F 

••  MISCELLANEOUS  TRANSDUCER  RE A0ING3  ** 

MANJFOLO  AVERAGE  RUNNER  outlet  total  PRESSURE  90,83  P8IA 

COMOUSTOR  OUTER  CASE  STATIC  PRESSURE  90.87  PSIA  (XOuCER  «  1») 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  3,70  *H6  (XOUCER  •  13) 

•  CHEMICAL  ANAL VSI8  RESULTS  * 

GAS  SAMPLES  TAKEN  IN  PLANE  #1 


C02 

2,780 
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C0 

17.700  X 

CO 

39,9 

PPM 

CMX  ,4  PPM 

NO 

09,6 
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lf,«  PPM 

NOX 

89,8 

PPM 

(NQ(NOIR)  ♦  NOS (NOUV) J 

NO 

70.7 

PPM 

NO? 

,1  PPM 

NOX 

78,7 

PPM 

t  chemiluminescence  ) 

EMISSIONS  1  NOE A  ,  LB/1P89  L8  F  u£L I  CO*  0.89  CMX*  .89 

CHEMILUMINESCENCE  nOa*  #.37,  NOI*  ♦  NOUV  NOX*  8*90 

CALCULATED  FLEl/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  #8i808« 

CALCULATED  COMBUSTION  CFFICIINCV  FROM  CHEMICAL  ANALYSIS!  88. 888*  X 
CHECK  ON  F/A  RATIO-  F/ a  a  .818881  */0  08.  CALCULATED  08  •  17.888  8 

SMOKE  iMOIXlA  ^  ^ 

SAlTZmAN  MQX  •  89. 3  PPM 


Figure  31S.  Final  Prechamber  Liner  Hodification  "B"  on  Wall  Fuel 
Film  Injection  Parametric  Test  at  BIP  ■  92  psia. 


TO*  CU*yu$T0*  E*P{>I»tNTS  -  RIG  B/U  67,  TkST  SERIES  01,  HEADING  A  921 
T63  FINAL  PWECHA-b FR.  POO  "0"  RUNNING  PAR AHfc TRIC  PERFORMANCE  STUDIES, 
TEST  OATH  A- ll- 72  HEADING  NAS  TAKEN  AT  1907 S  6  HOURS 

CYCLE  POINT  7  0  *  POKER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

burner  air  Plow  2.427  L»/$fcC  AV&  PURNtR  INLET  TEMP  806.  DEG  F 

AVG  BURNER  INLET  PRES  64.6  PSIA  AVG  BURNER  OUTLET  TEMP  1199,  DEG  F 

AVG  BURNtfi  DELTA  P  6.40  "EG  PRESSURE  LOSS  9,26  1 

OVERALL  F/A  ratio  .46A26  (F/M)  FUEL  FLO*  RATE  59.09  LB/MR 

air  load  factor  1,9997  pattern  factor  ,32129 

BUT  HOT  SPOT  I  *  \»  •  1273,  OtG  f  HA*  MOT  /  AVG  BOT  1,1478 

Fuel  INLET  TEHPfeRitURE  93.  DEG  F  FUEL  INLET  PRESSURE  54.9  PSIA 

HEAT  LOADING  PARAMETER  ,17635E*p7  BTU/HOUR/ATF/CUBIC  FOOT 

•  ••*  BURNER  OUTLET  TF.HPER ATURk  SURVEY  **** 

In  TEMP  ID  TEMP  IQ  TEMP  ID  TEHP  ID  TEMP  JO  TEMP  10  TEMP 
ANNULUS  1  7  1/60.  6  ;.03i.  IS  1258,  19  1079,  24  H88.  27  UlS,  36  1176, 

ANNULUS  2  4  1102,  7  1498,  16  1273,  21  1090,  25  U26,  34  1086,  37  1137, 

ANNULUS  3  9  9R9.  14  1251.  \7  1199.  22  IM4«.  26  1619.  35  1037,  39  994, 

LEFT  9IDC  *•*  AIR  INLET  TUBE  CONDITIONS  •**  RIGHT  SIDE 

TOTAL  PRESSURE  64. SP  PSIA  TOTAL  PRESSURE  86,61  PSIA 

STATIC  PNE3SURE  66,13  PSIA  STATIC  PRESSURE  66.41  PSJA 

VELOCITY  UELTA  P  ,76  "MG  VELOCITY  DELTA  P  ,40  »HG 

AIR  TEHPERATURE  694,  OEG  F  AIR  TCPPf NATURE  660,  0E6  P 

AIR  VELOCITY  154,42  FT/SIC  AJ0  VELOCITY  140.99  FT/SIC 

DIFFERENTIAL  FRFSSUREI  t(L*PT  P-TOVAL)- (RIGHT  P-TOTAUl  -.216  "MG 

AIR  FLO*  DATA!  P*N«F*  146.0  PSIA  DELTA  P*26,63  "MO  T-REF*  72,  OEG  F 

FUEL  SYSTEh  OATAl 

FUEL  E/M  FREOuEnCT  222.  VOLUMETRIC  FLOP  RATI  9,06  SAL/HR 

FUEL  PRESSURE  AT  F/N  151,5  PSIA  FUEL  *|MP  AT  F/H  93.  OtG  F 

v*  MISCELLANEOUS  TRANSDUCER  READINGS  •• 

MANiFOLO  AVF»AGE  BURNER  OUTLET  TOTAL  PPESSURt  57,37  PSIA 

CON0U3T&3  OUTER  CASE  STATIC  PRESSURE  59.62  PSIA  (XOUCEP  •  11) 

SURNlR  OIFFEREhTIAl  TOTAL  PRESSURE  6.3S  *hG  UOutER  6  13) 


•  CHEMICAL  ANALYSIS  results  » 
gas  samples  Taken  in  plane  *i 
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(  CHEMILUMINEICENCC  j 

(MISSIONS  INOER,  Ll/1099  LB  FylL*  CO*  60,64  SNX*  34,01 

CHEMILUMINESCENCE  NO**  ,7F,  NOIR  ♦  NOUV  NOR*  1,14 

CALCULATEO  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS*  .007400 

CALCULATES  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSISl  »*,W*  I 
CHECK  ON  F/A  RATIO-  F/A  •  .007010  M/0  01.  CALCULATEO  Ot  •  IB, 1*0  I 

SHORE  INDEX  I  2  SI 

SALTIHAN  NOI  a  PPM 


figure  316.  Final  Prechamber  Liner  Modification  WB”  on  Wall  Fuel 
Film  Injection  Parametric  Test  at  BOT  *  liOO’F. 


rf>>5  CUf'rtuST(j*<  F  *  Mfc  t<  I  “t  n  t  S  -  Kit,  B/0  67,  TEST  SERIES  61,  READING  ft  822 
thi  Hn*l  PREO*"^-*,  nV'i  *6"  RUNNING  PARAMETRIC  PERFORMANCE  STUDIES, 
■JEST  o  a  rt  t  R-il-77  REAninC  ►AS  TAMER  at  192619*  POURS 

Cycle  point  7  *  %  pqrer  setting 

,**•*  cXPERlHfcATAL  COALITIONS  ***** 

burner  AIR  Ftf'  2. *14  tP/SEC  AW6  EURNER  Inlet  TEMP  6*r.  deg  F 

AVi;  BURNER  inlet  RrFS  6n.l  PSIA  AVG  EUSnER  Outlet  TEmP  1719.  0E6  f 

AVI,  BtjRNtW  DECT*  P  n,69  "PG  PRESSURE  LOSS  5.43  * 

OVERALL  F/*  RATIO  ,Fl?27  (F/F )  FUEL  FLO*  RATE  123,2*  Li/MR 

AIR  LUAU  FACTOR  1,A»13  PATTERN  FACTO*  ,3*134 

EOT  «PT  SPOT  I  t.  1 1  •  *124.  LEG  F  PAR  toCT  /  AVG  80T  1.2332 

fuel  Inlet  tf^peraid**  «s.  deg  f  fuel  inlet  pressure  37,2  psia 

NFAT  LUAOING  P»raFET£»  ,3?J9?t*f?  Pn /NCUR/ATN/CUSIC  FOOT 

•»**  burner  outlet  temperature  Survey  **•* 

I(.  Tfc*  P  in  TE*P  IP  T|MF  to  1ENF  ID  TfPP  10  TEnP  10  TEMP 
ANMjLUS  J  7  l«f5.  6  |3*>7.  13  1694,  )9  I7U,  24  2*93,  ?7  ?M2S  36  l?2t. 

annulus  2  a  1*.-2V,  7  1411.  16  2124.  21  1612,  23  19*7.  34  1*17,  37  1653, 

Annulus  3  M  12ft*.  14  2^12.  i?  ?y  12,  22  J773.  26  1672.  39  1336,  39  59*7, 

LIFT  Si'TF  4»«  AIR  INLET  Tu*F  f  6Nr>l  TJONS  •••  RIGHT  SIDE 

TOTAL  PRESSURE  6*. 61  PS  J  A  TOTAL  PRESSURE  S*,13  P9U 

STATIC  PNfcSSURt  39,76  PSIA  STATIC  PRESSURE  39.76  PSIA 

VlLOCUY  PF.l  T A  r  ,47  *Nft  VELOCITY  DELTA  P  ,74  »H6 

AIN  Uppe-ATonE  6b/.  DtU  *  AIR  tf pP|RATlR£  *4*.  DEG  F 

*  In  VELOCITY  114.22  FT/SIC  AJF  VELOCITY  144,7*  FT/SEC 

UlFPERENTlAt.  press. ,pei  (Ctf.Fl  P-TOTAL)* (RlGHt  P-TOTAL))  *>.231  **6 

A  IS  FLU4  u a  T 1 1  P.-pF*  JAR, 7  PSIA  PttTA  P*2S,49  »hG  T*RCF*  71,  OEG  F 

FuEl  3YSTE*  uaya* 

FuFl  F/h  Frf «uEnC  v  462.  ►?  VOLUMETRIC  FlO*  RATE  2»,»3  GAL/HR 

fuel  pressure  *t  »/**  isi.3  psia  fuel  te*p  at  F/r  «a,  OEG  f 

•  •  a  I SCCUL  ANfev  '  -5  TRANSDUCER  KlAShlt  I* 
pan f F' OLD  AYfftAGF  *l-R»ER  HyTLtT  TC  t#L  PRESSURE  56, 6l  P|1A 

CQrBUSTOR  CUTE*  CaEc  STa'K  PRtSSilRE  39. ••  PfIA  {IDUCER  •  11) 

SUN’nEn  OlFFExtNYU^  TC-Ial  PRLS3URE  6,93  *P6  (iOuCER  «  13) 


«  C*E*1CAl  ANALYSIS  RESULT 7  • 
gas  samples  t a* e n  in  plane  «t 
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CalCulaTEO  COMBUST  ton  EFFICIENCY  FRCP  CHEMICAL  ANALVf  III  66,7694  X 
C*CC*  On  F/a  »AU0-  F/4  •  .414644  M/O  09,  CALCULATED  01  p  16,664  X 

IM04E  1N0E*|  f.  33 

InriAiv  no*  •  ppr 


Figure  317.  Final  .i;reehau  Liner  Hodific  "ion  "1**  on  Wall  Fuel 
Film  Injection  Parametric  Teat  SOT  *  1700*F. 
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Figure  318.  Fimil  i♦^•ch*»ber  Liner  Hodi  float  ion  •’8*’  on  Wall  Fuel 
rilra  Injection  Para*etriw  Teat  at  Airaou  »  l  Ih/sec. 
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T53  CO^L'SIP^  FxpFMNFNTS  -  Rib  P/U  67,  TEST  SERIES  81,  HEADING  «  924 

T*3  PInal  PHcCHiittP,  r-.ji)  «R"  RUNNING  PanAMETRIC  PERFORMANCE  STUDIES, 
test  date:  e-ii-72  reading  mas  taken  at  20O9i  a  mcuR$ 

CYl-Lt  PniM  7  0  X  POWER  SETTING 

*****  experimental  conditions  ***** 

BURNER  AIR  hct'  2,8/9  Lh/SEC  A  vG  BURNER  INLET  TEMP  601,  OEG  F 

A  VO  SuH.StR  INCN.T  pres  6/. 3  PSIA  AVG  BURNER  OUTLET  TEMP  1497,  DEG  F 

AVI.  BURNER;  OtLTA  p  13,49  "HG  PRESSURE  LOSS  10.99  X 

CvtRALL  P/A  RATIO  .03350  (P/P  I  FUEL  FLOW  MATE  137,12  LB/HR 

air  load  factor  i.msp  pattern  factor  .26638 

HOT  R<lT  SPOTS  t-  1«  •  1736.  OEG  F  MAY  bOT  /  AVG  BOT  1,1694 

FUEL  I'-LET  TF’iPpkAluRE  93.  OEG  P  FUEL  INLET  PRESSURE  35,5  PSIA 

PEAT  LOADING  PARAMETER  .4^6P5E+F7  PTU/HOUR/ATP/CUBIC  FOOT 

*•**  hurner  outlet  temperature  survey  **** 

Ii;  rtCF  TO  TEMP  10  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  1  2  1J49.  o  12*9.  15  1681.  19  1396.  24  1730.  27  1574.  36  1502. 

ANNUU'S  2  A  34CR.  7  i 3 1 2 .  16  1733.  ?1  14J1.  25  1679,  34  1441,  37  1512, 

ANNULUS  3  5  1264,  14  1736.  17  1575,  22  1466,  26  1497.  35  1424,  39  1267, 

left  side  ***  air  inlet  tube  conditions  ***  right  side 

total  PRESSURE  r>?,2?  PSIA  TOTAL  PRESSURE  60,30  PSIA 

STATIC  PRESSURE  59,61  PSIA  STATIC  PRESSURE  59.37  PSIA 

VELOCITY  DE'.TA  P  1.22  "  HG  VELOCITY  DELTA  P  1,49  "MG 

AIR  Tf  mPEPaTi.ipp  6 « i .  OEG  F  AIR  TEMPERATURE  601,  DEG  F 

AIR  VELOCITY  191,58  ET/SEC  AIR  VELOCITY  211,46  FT/SEC 

DIFFERENT I*L  PRESSURE:  ((lEF*  P-TOTAL)- (RIGHT  P-TOTALIJ  -.182  "HG 

AIR  FLOW  data:  F-k(.F«  104,1  PSIA  DELTA  F»34,e4  "HG  T-REF"  70.  DEG  F 

fuel  system  data: 

fuel  F/M  FREQUENCY  506.  HZ  VOLUMETRIC  FLOW  RATE  22,15  GAL/MR 

RUF-L  PRESSuPE  aT  p/m  125.3  PSIA  FUEL  TEMP  AT  F/M  94,  DEG  F 

»*  miscellaneous  TRANSDUCER  READINGS  ** 
manTFOLD  average  HirnER  OUTLET  TOTAL  PRESSURE  53.63  PSIA 
COMPUSTOR  OUTER  CASE  STATIC  PRESSURE  38,23  PSIA  (XOUCER  H  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  13,40  "HG  (X0UCER  *  13) 

*  CHEMICAL  ANALYSIS  RESULTS  * 

GAS  samples  taken  in  plane  HI 


C02  2.2B5 

X 

02  18,200 

X 

CO 

119,9 

PPM 

CMX 

1,2  PPM 

NO  23.2 

PPM 

NO?  9,3 

PPM 

NOX 

32.5 

PPM 

(NO (NDIR) 

♦  N02 (NDUV) ) 

NO  23,6 

PPM 

N02  9.6 

PPM 

NOX 

33.4 

PPM 

[  CHEMILUMINESCENCE  ] 

EMISSIONS 

INDEX 

,  LB/1000  L8 

fuel  i 

co» 

8.67 

CHX«  .14 

CHEMILUMINESCENCE  NOX"  3.96,  NDIR  ♦  NDUV  NOX»  3,80 

CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS*  ,010485 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS*  99,7128  X 
CHECK  ON  F/A  RATIO*  F/A  ■  .010603  W/O  02.  CALCULATED  02  ■  17.920  X 

SMOKE  INDEX  i  K 

SALTZMAN  NOX  'ten  PPM 


Figure  319.  Final  Preehamber  Liner  Modification  "B"  on  Wall  Fuel 
Film  Injection  Parametric  Test  at  Airflow  =  3  lb/sec. 
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T63  COMBUSTOR  exPttil -f.hTS  -  MIG  H/U  6?  ,  TtfT  SERIES  82,  READING  t> 

T  3  FInaL  PRi-CMa'CEM  M'jn  "P"  PARAMfc  TRJC  .STUDY  ON  PRESSURE  NOZZLE « 

TEST  UATtI  9-12-7?  REDOING  MAS  TAKEN  AT  1  4  3 1  5  HOURS 


CYCLE  POINT 


P  X  POKER  SETTING 


*****  EXPERI'"F>  TAL  ''ONOiriONS  ***** 


Burner  air  flo* 

1  .  JQf' 

LP/SEC 

AVI.  BURNER  INLET  TEMP 

201. 

DEG  F 

*VG  BURNER  IMLFT  PRES 

59.9 

PSIA 

AVb  EURNfcR  OUTLET  TEMP 

1505, 

DEG  F 

AVK  BURNER  DELTA  P 

4.17 

"PG 

PRESSURE  LOSS 

3.47 

X 

Overall  F/a  ratio 

*1781 

CF/MJ 

FUEL  FLOW  RATE 

127 , 5P 

LB/mr 

A  IP  LOAD  FACTOR 

.9*577 

PATTERN  FACTOR 

,46351 

Bnr  NOT  SPOT?  a  i/  a 

21  IP. 

DEG  F 

MA.'  POT  /  AVG  BOT 

1.4017 

FUEL  INLET  TEmPKNaHinE 

97. 

OEG  F 

mill  inlet  pressure 

183.5 

PSIA 

heat  LOADING  PARAMETER 

,33632fc*C*7 

HTU/HUUR7AT M/CUP IC  FOOT 

*.**  BURNER  OUTLET  temperature  survey  **** 


ID  T^R 

IU 

TEMP 

ID  TEMP 

ID  TEMP  ID  TEMP 

ID 

TEMP  ID 

TEMP 

ANNULUS  1  ?  1274. 

6 

n7i , 

1 5  1769, 

19  1346,  24  1549, 

27 

1539,  36 

1879, 

ANNULUS  2  4  1163. 

7 

1 1  v»  yi , 

16  1971, 

21  1044,  25  1466, 

34 

1692.  37 

2110. 

ANMJLUS  3  5  1^4 9, 

1  4 

1  922. 

17  1P73, 

2?  1143.  26  1377, 

35 

1782.  39 

1545, 

LEFT  SIDE 

*  *  * 

AIR 

inlet  tube 

CONDITIONS  *** 

RIGHT  SIDE 

totau  pressure 

58.92 

PSIA 

total  pressure 

38,95 

PSIA 

static  PRESSURE 

59.78 

PSIA 

STATIC  PRESSURE 

58.80 

PSIA 

VELOCtry  DELTA  F 

.29 

"MG 

velocity  delta  p 

.29 

»HG 

AIR  TEMPERATURE 

291 . 

0E6  F 

AIR  TEMPERATURE 

201. 

DEG  F 

AIR  VELOCITY 

73.72 

FT/SEC 

AIR  VELOCITY 

74,44 

FT/SEC 

differential  pressure: 

JCLEFT  P-TOTAL)-fRIGHT  P-TUT  AL5  J 

*  ,  064 

;'HG 

air  FLOK  DATA:  P-R  e  E  ■ 

135.6 

“SI A  DELTA  P*25.9l  »hg 

T-REF*  92, 

UEG  F 

fuel  system  l)  AT  A  j 

FUEL  F/M  FREQUENCY 

469, 

HZ 

VOLUMETRIC  FLO*  RATE 

20.53 

GAL /HR 

FUEL  PRESSURE  AT  F/M 

290,2 

PSIA 

FUEL  TEMP  AT  F/M 

87. 

DEG  F 

**  MISCELLANEOUS  TRANSDUCER  READINGS  ** 

MANIFOLD  average  (TURNER  OUTLET  TOTAL  PRESSURE  56.89  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  58.63  PSIA  (XOUCER  R  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  4.13  »HG  (XOUCER  R  13) 

*  CHEMICRw  ANALYSIS  RESULTS  * 

GAS  SAMPLES  TAKEN  IN  PLANE  *1 


C02 

3.522 

X 

02  16,250 

% 

CO 

187.7 

PPM 

CMX  2.0  PPM 

NO 

23.2 

PPM 

NO?  12,3 

PPM 

NOX 

35.6 

PPM 

[NOCNDIR,  ♦  N02(NDUV)1 

NO 

26,9 

PPM 

NQ2  8.8 

PPM 

NOX 

35,3 

PPM 

[  CHEMILUMINESCENCE  J 

EMISSIONS 

INDEX 

,  LB/ 1000  LB 

FUEL  1 

CO* 

10,37 

CMX*  .17 

CHEMILUMINESCENCE 

NOX* 

3.20, 

NOIR  *  NOUV  NOX*  3,23 

CALCULATED  FUfcl/AlR  RATIO  FROM  CHEMICAL  ANALVSISl  ,816895 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALVSISl  99.7229  X 
CHECK  ON  F/A  RATIO.  F/A  ■  ,016827  9/0  02,  CALCULATED  02  •  16.080  X 

SMOKE  INDEX!  3^6, 

SALTZMAN  NOX  •  /  PPM 


Figure  320.  Final  Irechamber  Liner  Modification  "B”  on  Pressure 
Atomizer  Injection  Parametric  Tesc  at  BIT  «  200°F. 
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TASLr.  LXXX.  PARAMETRIC  TEST  RESULTS  FOR  FINAL  FXECHAMiSEK  MO!)  IT  I 


T63  COWBuSTDR  ExpcRImEnTS  -  RIG  6/L  67,  TEST  SkRIES  62,  READING  *  92* 

T53  F  INAL  PRh.CH^'Hf-w  HQO  "  8 11  -  PARAMETRIC  STUDY  ON  PRESSURE  NOZZLE, 

TE5T  HATE:  8- l?-7?  READING  WAS  TAKEN  AT  1x181  3  HOURS 

CYCLE  POINT  7  e  X  POWER  SETTING 

*****  experimental  CONDITIONS  ***** 

Huk Nfc R  AIR  FLO*  2,033  L8/SE  C  AVG  BURNER  INLET  TEHP  601,  DEG  F 

AVG  BURNER  INLET  PRES  SR. 8  PSIA  AVG  BURNER  OUTLET  TEMP  1496.  DEG  F 

AVG  BURNER  DELTA  y  6.50  "HG  PRESSURE  LOSS  3,42  X 

OVERALL  p/a  Ratio  .<*1344  (F/M)  FUEL  FLOW  RATE  96,34  LB/HR 

AIR  LOAO  FACTOR  1,)P67  PATTERN  FACTOR  ,34246 

HOT  nDl  SPOT  t  *  1*  *  HRS.  DEG  F  WAX  BOT  /  AVG  BOT  1,2030 

FUEL  INLET  TEMPERATURE  93.  UEG  F  FUEL  INLET  PRESSURE  134,6  FBI  A 

HEAT  LOADING  PARAMETER  ,2933PE*P7  PTL/HUUW/ ATM/CUBIC  FOOT 

****  BURNER  OUTLET  TEWPFRATURfc  SURVEY  **** 

ID  T ERR  in  TEMP  to  TEMP  10  Tk HP  10  TEHP  ID  TEMP  ID  TEHP 
ANNULUS  1  2  1372.  «  1317,  15  1732,  1»  14e3,  24  1616,  27  1363,  36  1747, 

ANNULUS  2  4  1325,  7  1333,  1*  16!?5.  21  1299.  23  1563,  34  1468,  37  1663, 

ANNULUS  3  5  1275.  14  1645.  17  1655,  22  1323.  26  1447.  35  1464.  39  1313, 

LEFT  SIDE  •**  AIR  INLET  TUBE  CONDITIONS  ***  RIGHT  SIOE 

total  PHtSSUPE  59,78  PSIA  TOTAL  PRESSURE  38,67  PSIA 

STATIC  PKtSSURfc  59.42  PSIA  STATIC  PRESSURE  39,65  PSIA 

VELOCITY  DELTA  P  .73  "MG  VELOCITY  DELTA  P  ,46  "MG 

AIR  TEMPERATURt  601.  DEG  F  AIR  TEMPERATURE  601,  DEG  F 

air  VELOCITY  154.]6  FT/SEC  AIR  VELOCITY  116,63  FT/SEC 

DIFFERENTIAL  PRESSURE!  (CLEFT  P-TQT AL ) - f R IGHT  P-TOTAL))  -.176  "HG 

AIR  FLOW  DATA!  E-RtN*  135,2  PSIA  DELTA  P*27.S1  "HG  T.REF»  97,  DEG  F 

fuel  ststew  oataj 

full  F/h  FREQUENCY  363,  HZ  VOLUMETRIC  FLOW  RATE  19,87  GAL/HR 

fuel  PRESSURE  AT  F/m  296,0  PSIA  FUEL  TEHP  AT  F/M  92,  DEG  F 

**  miscellaneous  transducer  readings  ** 

MANlFfiLU  AVERAGE  HUPNER  OUTLET  TCTAL  PRESSURE  36,98  PSIA 

COHRUSTOR  OUTER  CASE  STATIC  PRESSURE  96,63  P8IA  (XDUCER  ft  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  6,32  "HG  (XDUCER  ft  13) 

*  CHEMICAL  ANALYSIS  RESULTS  * 
gas  samples  taken  in  plane  m 


Co? 

2,630 

X 

02 

17,300 

X 

CO 

59,6 

PPM 

CHX  ,2  PPM 

NO 

36,6 

PPU 

NU? 

7,2 

PPM 

NOX 

43.6 

PPM 

(NO (NDIR)  ♦  NOS (NOUV) ] 

NU 

39,2 

PPM 

wr? 

1.9 

PPH 

NPX 

41,1 

PPM 

(  CHEMILUMINESCENCE  ] 

EMISSIONS  INDEX,  Lb/1000  Ld  Puk'Ll  CO*  4,35  CHX*  ,02 

CHEMILUMINESCENCE  NOX*  4,93.  NDIR  *  NOUV  NOX*  9,29 

CALCULATED  FliEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,012961 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  09,0702  X 
CHECK  ON  F/A  RATIO-  F/A  *  .012676  N/0  02,  CALCULATED  02  ■  17,309  S 

SMOKE  INDEX l  22.  73 

SALTZMAN  NOX  •  v5?.?  PPM 


Figure  321.  Final  Prechamber  Liner  Modification  "B"  on  Pressure 
Atomizer  Injection  Parametric  Test  BIT  »  200*F. 
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T53  COMplSTnK  txREkIMfNTS  -  Rift  M/U  67,  TEST  SERIES  82,  REAOING  A 

T64  ►  I o a U  P»ECHamk>  MOD  "H"  -  PARAMETRIC  study  on  pressure  nozzle, 

TEST  n*TE:  a-t?-7i f  READING  kAS  TAKEN  AT  1154148  HOURS 

CYCLE  POINT  7  81  PONER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

UijHwtK  AIK  FLO-  2.018  L8/5EC  A  VG  PlIN NE R  INLET  TEHP  1081,  DEG  F 

AVI,  burner  J  Si  L  t  T  mrfs  60,1  PSIA  AVb  BURNER  OUTLET  TEMP  1903,  DEG  F 

ivi;  BJkNfcR  DELTA  P  9.56  "MG  PRESSURE  LOSS  7,00  X 

OVERALL  F/A  NATIO  .  ?  4  M  3  7  (F/M)  FUEL  FLO*  RATE  60,82  LB/HR 

a i v  load  factor  1,292s  pattern  factor  ,30074 

*m  ho1  sppr.  B  16  *  1654,  Ufct  F  PAX  80T  /  AVG  BOT  1,1004 

Fuel  INLET  TFMRtR«TuRE  RH.  DEG  F  FUEL  INLET  PRESSURE  87,6  PSIA 
66  AT  LOADING  PAhAre.Ttk  B  TO /HOUR/ A  TH/CUB  IC  FOOT 

•*•*  BURNER  OUTLET  TEMPERATURE  SURVEY  *•** 

If  TFMP  TO  TEMP  ro  TEMP  ID  TEMP  ID  TEHP  10  TEHP  ID  TEHP 
ANNULUS  1  ?  145*.  6  1437.  15  1643.  19  I486,  24  1578.  27  1493,  38  1631, 

annulus  ?  4  1454,  7  1496.  lfi  1634.  21  1427,  25  1515,  34  1488,  37  1535, 

Annulus  3  5  1<ip*.  14  rj7l.  17  1583,  22  1437,  26  1449,  35  1473,  39  1360, 

LEFT  SlOE  ***  AJP  INLET  TUBE  CONDITIONS  ***  RIGHT  SIDE 

TOTAL  PRESSURE.  61.87  PSJ*  TOTAL  PRE53URE  60,14  PSIA 

STATIC  PKtSSuRfc  59. *7  PSIA  STATIC  PRESSURE  56,71  PSIA 

V6L0C11Y  L'tLTA  P  ,82  "HG  VFLOCITY  OELT A  P  ,07  »HG 

AT-  TEMPfcHATuPF  11H1,  OEG  F  Aik  TEMPERATURE  1001.  DEG  F 

flu  VELOCITY  1*4,34  FT/SEC  Aik  VELOCITY  189,08  FT/SEC 

'  OUFEKtNTlAL  PRESSURE!  ((LEFT  P-TOTAL) - (k IGHT  P-TOTAL)!  -.102  *HG 

air  FlOm  Data:  P-KtF*  109, R  PSIA  OELTA  P*27,30  "HG  T-REF ■  100,  DEG  F 

fuel  system  data* 

fuel  F/h  FRF.aUEkCf  226,  HZ  VOLUHETRIC  FLOP  RATE  6.00  GAL/HR 

FUEL  PRESSURE  AT  f/m  316,2  PSIA  FUEL  TEHP  AT  F/M  96,  DEG  F 

**  MISCELLANEOUS  TRANSDUCER  READINGS  ** 
manIFOLO  AVFRAGfc  FURNER  OUTLET  TOTAL  PRESSURE  59,60  PSIA 
Ct)M iUSTOR  OUTER  CASE  STATIC  PRESSURE  90,79  P0IA  (XDUCER  •  11) 

BURNER  DIFFERENTIAL  total  PRESSURE  0,08  "HG  (XOUCER  0  13) 

*  CHEMICAL  ANALYSIS  RESULTS  • 

GAS  SAMPLES  TAKEN  IN  PLANE  R1 


C02 

1.778  X 

02 

16,660  X 

CO 

16.6 

PPM 

CHX  ,0  PPM 

NU 

46,4  PPM 

NOP 

4,2  PPM 

NOX 

90.6 

PPM 

(NO (NDIR)  ♦  N02 (NDUV) ) 

NO 

47.0  PPM 

N02 

,0  PPM 

NOX 

47,0 

PPM 

(  CHEMILUMINESCENCE  ) 

EMISSIONS  INDEX ,  LH/1P00  LB  FuEL  I  CO*  1.63  CHX*  ,U 

C-EHILUHINESCENCE  NO**  8,69 *  NDIR  ♦  NOUV  NOX*  6,00 

CALCULATED  FUEL / a IR  RATIO  FROM  CHEMICAL  ANALVSI0I  ,000900 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  96,6023  X 
CHECK  ON  F/a  RATIO-  F/a  •  ,000932  *70  02,  CALCULATED  02  ■  10,922  X 

9M0KE  INDEX!  3C.B 

SALTZHAN  NO*  *SS*o 


Figure  322.  Final  Prechamber  Liner  Modification  "B"  on  Pressure 

Atomizer  Injection  Parametric  Test  at  Nominal  Conditions* 
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T6.1  tliMBUSTn*  i-xPr.Kl^tNTS  -  BIG  b/U  67,  TEST  SERIES  8?#  READING  ft 
r<5--j.  F  1>«ul  PRtCM4Motf<  «'J9  "B"  -  PAR  ABE  TR  J  Z  STUDY  ON  PRESSURE  NOZZLE, 

TEST  OATEl  8-12-7 2  READING  NAS  TAKEN  AT  1223131  HOURS 

CYCLE  POINT  7  0  X  POWER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  FLO-  2.832  LB/SfcC  AVG  BURNER  INLET  TEHP  396.  DEG  P 

A vc«  WURNEK  INLET  PPES  60,0  PSIA  avG  BURNER  OUTLET  TEHP  1508.  DEG  F 

AvG  BURNER  DELTA  P  Id, 14  «rG  PRESSURE  LOSS  18.78  X 

OVERALL  F/A  RATIO  .01366  f F/M  FUEL  FLOW  RATE  139.24  LB/HR 

AIR  LOAD  FACTOR  1,6341  PATTERN  FACTOR  .29909 

BOT  hOT  SPOT  I  «  16  «  17«?,  OEG  F  MAX  BOT  /  AVG  BOT  1.1810 

F'JtL  INLET  TEMPERATURE  '»8.  DEG  F  FUEL  INLET  PRESSURE  202,8  PSIA 

HEAT  LOADING  PARAMETER  ,41437E*07  B TU/HUUR/ ATM/CUBIC  FOOT 

**•*  BURNER  Outlet  TEMPERATURE  SURVEY  **** 

10  TERP  10  TEHP  JO  TEMP  ID  TEMP  ID  TEMP  10  TEHP  ID  TEMP 
ANNULUS  1  ?  142*.  6  MAS,  is  1746.  19  1445.  24  1648.  27  1509.  36  1700. 

AnmjLUS  2  4  1341.  1  1372.  18  1782,  21  1326,  25  1548,  34  1503.  37  1733, 

ANNULUS  3  3  131;1,  1  4  1677,  17  1635,  22  1345.  26  1424.  33  1832,  39  1321. 

LEFT  SIDE  *•*  AIR  INLET  TUBE  CONDITIONS  ***  RIGHT  SIDE 

TOTAL  PRtSSURE  .VJ.B8  PSIA  TOTAL  PRESSURE  60,06  P8IA 

STATIC  PRESSURE  59,31  PSIA  STATIC  PRESSURE  59.64  PSIA 

VELOCITY  DELTA  m  1.13  "FG  VFLOCITV  DELTA  P  ,64  "HG 

AIR  TEMPERATURE  306,  DEG  F  AIR  TEMPERATURE  395,  DEG  F 

Al*  VELOCITY  184.16  FT/SEC  AIR  VELOCITY  138.71  FT/SEC 

DIFFERENTIAL  PRESSURE!  { (LEFT  P-TOTAl 5- (RIGHT  P»TOTAL))  -.402  "HG 

air  Flow  DATA!  P-RF.F*  HJ.0  PSIA  DELTA  P*«P,86  "HG  T-REF"  101,  DEG  F 

fuel  system  datai 

fuel  f/m  frejuency  515.  mz  volumetric  flow  rate  22.35  gal/hr 

fuel  PRESSURE  Af  F/M  290,4  PSIA  FUEL  TEMP  AT  F/M  97,  DEC  F 

**  MISCELLANEOUS  TRANSDUCER  READINGS  ** 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  53, 30  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  37.37  PSIA  (XDUCER  ft  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  12,94  "MG  (XDUCER  ft  13) 

•  CHEMICAL  ANALYSIS  RESULTS  * 

GAS  SAMPLES  TAKEN  IN  PLANE  «1 


C02 

2.630 

X 

02  17,230 

X 

CO 

62,0 

PPM 

CHX  ,1  PPM 

NO 

28.8 

PPn 

NOS  7,2 

PPM 

NCX 

36.1 

PPM 

(NO (NOIR)  ♦  N08 (NOUV ) ) 

NO 

31.4 

PPM 

N02  1,9 

PPM 

NOX 

33.4 
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CHEMILUMINESCENCE  NOX*  3,93,  NOIR  ♦  NOUV  NOX*  *,23 

CALCULATED  FuIl/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,018710 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  90.1717  X 
CHECK  ON  F/A  RATIO*  F/A  •  ,018077  H/0  08.  CALCULATED  08  •  17.308  X 

SMOKE  INDEX!  /*$*  ^ 
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Figure  323.  Final  Prechamber  Liner  Modification  "B"  on  Pressure 

Atomizer  Injection  Parametric  Teat  at  Airflow  *  3  lb/sec. 


T6J  COMBUST  OK  -  RIG  B/U  07,  TKST  SERIES  62,  READING  *  929 

TN!)  Final  Bk£C*i*KHfc*  moo  "6"  -  PARAMETRIC  STLOY  ON  PRESSURE  NOZZLE. 

TEST  OATES  M-12-72  RFAD1NG  HAS  taken  *T  1246145  HOURS 


CYCLE  POINT  7  fl  %  POWER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

burner  air  Flow  1.994  LB/SEC  AVI*  BURNER  INLET  TEMP  600.  DEG  F 

avG  oijRnER  INLET  PRES  32.2  PSJA  A  VD  BURNER  OUTLET  TEMP  1497,  DEC  7 

A  VO  BURNER  lltLTA  P  14,39  "HU  PRESSURE  LOSS  21.90  % 

OVERALL  F/A  ratio  .*1402  (F/N }  FUEL  FLO*  RATE  160. 67  LB/HR 

AIR  LOAD  Factor  2.0167  PATTERN  FACTOR  .36901 

SOT  MOT  SPOTS  n  IN  *  1641.  DEG  F  MAX  feOT  /  AVG  BOT  1,2293 

FUEL  INLET  TEMPERATURE  100,  OfcG  F  FUEL  INLET  PRESSURE  107,2  PSIA 

MEAT  LOADING  PAH AMt  TER  .5583aE*P7  BTU/HOUR/ ATM/CUBIC  FOOT 

***•  rtlJRNEH  OUTLET  TEMPERATURE  SURVEY  •••* 

ID  TEMP  TO  TEMP  ic  TEMP  ID  TEMP  10  TEHP  70  TEHP  10  TEMP 
ANUUL'IS  1  2  1MR.  6  1275,  15  1724,  19  1432,  24  1669,  27  1409,  36  1091, 

ANNULUS  2  4  12S>H.  7  1310,  16  1641.  21  1281,  25  1535.  34  1476,  37  1731. 

ANNULUS  3  E  1272.  14  i7Jl.  17  1716.  22  1373,  26  1*03,  33  1542.  39  1356, 

LEFT  SIDE  ***  AIR  INLET  TUBE  CONDITIONS  ***  RIGHT  SIDE 

TOTAL  PRESSURE  32,05  PSIA  TOTAL  PRESSURE  32,27  PSIA 

STATIC  PRESSURE  31.49  PSJA  STATIC  PRESSURE  31,75  PSIA 

VELCCIIY  DELTA  P  «,15  "MG  VELOCITY  DELTA  P  1.06  "MG 

AIR  TfmpEHaTUHF  600.  PEG  F  AIR  TEMPERATURfc  600.  DEC  F 

AIR  VELOCITY  233.26  FT/SEC  AIR  VELOCITY  243,79  FT/SEC 

DIFFERENTIAL  PRESSURE!  KLEFT  P*TQT AL) • (RIGHT  P-TOTAL))  *,432  "MG 

AIR  Flow  DATA!  P-RfeF*  104,6  PSIA  DELTA  P*26,63  "HG  T-REF*  102.  DIG  F 

FUFJL  SYSTEM  DATA  I 

FUEL  F/h  FREOUFNCY  373,  NZ  VOLUMETRIC  FLOW  RATI  16,31  GAL/MR 

fuf.l  pressure  at  f/*  jis.a  psia  fuel  temp  at  f/h  ee.  oig  F 

*•  MISCELLANEOUS  TRANSDUCER  READINGS  •• 

MANIFOLD  AVERAGE  HurnEH  OUTLET  TOTAL  PRESSURE  25,69  PSIA 

COMBUSTOR  OUTER  CASl  STATIC  PRESSURE  29,71  PSIA  (XOUCER  «  11) 

BURNER  DIFFERENTIAL  TOTAL  pressure  14,17  "mg  (xducir  •  13) 

•  CHEMICAL  ANALYSIS  RESULTS  * 

GAS  SAMPLES  taken  in  PLANE  *1 
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EMISSIONS  INDEX,  LB/1000  LB  FuELI  CO*  15*95  CHX*  ,66 

CHEMILUMINESCENCE  NOX*  2, IS,  NOIR  ♦  NOUV  NOX*  1,26 

CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,111419 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  90*976S  I 
CHECK  ON  F/A  RATIO*  P/A  ■  ,912165  W/0  02.  CALCULATCO  02  •  17*439  I 

SMOKE  INDEX!  0*35 

SALTZMAN  NOX  PPM 


Figure  324.  Fine1.  Prechamber  Liner  Mortification  "B"  on  Preaaure 
Atocnizci  Injection  Parametric  Test  at  BIP  ■  32  paia. 


Tfl3  COMBUSTOR  EXPERIMENTS  -  RIO  B/U  07,  TESl  SERIES  62,  READING  «  930 

T63  FINAL  PRECH*MBtR  MOD  ”B"  -  PARAMETRIC  STUDY  ON  PRESSURE  NOZZLE, 

TEST  OATEI  6-12-72  READING  NAS  TAKEN  AT  13121  7  HOURS 

CYCLE  POINT  7  IX  POWER  SITTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  FLOW  8,993  LB/SEC  AVG  BURNER  INLET  TEMP  608,  DEG  F 

AVG  BURNER  INLET  PRES  60,4  PSIA  AVG  BURNER  OUTLET  TEMP  1181,  DEG  F 

AVG  BURNER  DELTA  P  0,11  *HG  PRESSURE  LOSS  4,07  Jf 

OVERALL  F/A  RATIO  ,00740  (P/N)  FUEL  PLOW  RATE  84,70  LfcVHR 

AIR  LOAO  FACTOR  1,1075  PATTERN  FACTOR  ,80077 

BOT  HOT  SPOTI  «  16  ■  1231,  OEG  F  MAX  BOT  /  AVG  BOT  1,1368 

FUEL  INLET  TEMPERATURE  101,  OEG  F  FUEL  INLET  PRESSURE  70,8  PSIA 

HEAT  LOAOING  PARAMETER  ,161861*07  BTU/HOUR/ATM/CUBIC  FOOT 

•***  BURNER  OUTLET  TEMPERATURE  SURVEY  •*** 

ID  TEMP  10  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  10  TEMP 
ANNULUS  1  2  1060,  6  1034,  19  1234,  10  1093,  84  1164,  27  1098,  36  1337, 

ANNULUS  2  4  1044,  7  1071,  10  1231 ,  21  1007,  85  1117,  34  1094,  37  1138. 

ANNULUS  3  9  1013.  14  llSl.  17  1179.  22  1617,  86  1048,  35  1079,  39  986, 

LEFT  3I0E  *•*  AIR  INLET  TUBE  CONDITIONS  **•  RIGHT  SIDE 

TOTAL  PRESSURE  60,33  PSIA  TOTAL  PRESSURE  69,49  PSIA 

STATIC  PRESSURE  60.00  PSIA  STATIC  PRESSURE  "B.l?  PSIA 

VELOCITY  DELTA  P  .67  "MG  VELOCITY  DELTA  P  .87  *MG 

AIR  TEMPERATURE  600,  DEG  F  AIR  TEMPERATURE  999,  OEG  F 

AIR  VELOCITY  140.96  FT/SEC  AIR  VELOCITY  129.74  FT/SEC 

DIFFERENTIAL  PRESSURE!  ( (LEFT  P-TOTAL)* (RIGHT  P-TOTAL))  -.887  •MG 

AIR  Flow  DATA!  P.REF*  104,9  PSIA  DELTA  P*26,66  “MG  T*REF*  104,  OEG  P 

fuel  sv»tem  oatai 

fuel  F/M  FREQUENCY  804,  H|  VOLUMETRIC  FLOW  RATE  I. SB  GAL/HR 

FUEL  PRESSURE  AT  F/M  337,4  PSIA  FUEL  TEMP  AT  F/M  111,  DES  F 

**  miscellaneous  TRANSDUCER  READINGS  ** 

MANIFOLD  AVERAGE  BURNER  OUTLET  total  PRESSURE  97.39  PSIA 

COMBUSTOR  outer  CASE  STATIC  PRESSURE  99,31  PSIA  (X0UCER  R  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  9,90  ■HB  (XOUCIR  *  13) 

•  CHEMICAL  ANALYSIS  RESULTS  • 

GAS  samples  Taken  in  plane  »l 
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CALCULATED  FUEL/AIR  naTIO  FROM  CHEMICAL  ANALYSIS!  .007803 
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Figure  325.  Final  Prechar.be r  Liner  Modification  "B"  on  Pressure 
Atomiser  Injection  Parametric  Test  at  BOT  »  llOO'F. 
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T63  COM0USTOX  EXPERIMENTS  -  Rib  B/U  67,  TEST  SERIES  82,  READING  6  03} 

T63  FINAL  PRECHAMBER  *00  «B"  *  PARAMETRIC  STUDY  ON  PRESSURE  NOZZLE, 

TEST  DATE  I  8-12-72  READING  MAS  TAKEN  AT  1332140  HOURS 


CYCLE  POINT  7 


0  X  POWER  SETTING 


*****  EXPERIMENTAL 
BURNER  AIR  FLO*  2.851  LB/SEC 

AVG  BURNER  INLET  PRES  59,6  PSIA 
AVG  BURNER  DELTA  P  6,18  »HG 

OVERALL  F/A  RATIO  .01711  (F/M) 

AIR  LOAD  FACTOR  1,120* 

BOT  HOT  SPOT!  a  16  ■  2103,  DEG  F 
FUEL  INLET  TEMPERATURE  1*1.  DEG  F 


CONDITIONS  ***** 

AVG  BURNER  INLET  TEMP  801,  DEG  P 
AVG  BURNER  OUTLET  TENP  1725,  DEG  F 


rRESSURE  LOSS 
FUEL  FLO*  RATE 
PATTERN  FACTOR 
RAX  BOT  /  AVG  BOT 
FUEL  INLET  PRESSURE 


HEAT  LOADING  PARAMETER  ,37820E*f7  BTU/HOUR/ATM/CUBIC  FOOT 


5.00  X 

120,30  LB/HR 
,33500 
1,2110 
180,0  PSIA 


•«•*  BURNER  OUTLET  TEMPERATURE  SURVEY  *•** 

10  TEMP  10  TEMP  10  TEMP  ID  TEMP  ID  TEMP  10  TEMP  ID  TEMP 
ANNULUS  1  2  1851,  6  1516,  15  1097.  10  1870.  24  1015,  27  1713,  36  1042, 
ANNULUS  2  4  1638.  7  1574.  16  2103,  21  1442,  25  1781,  34  l683,  37  1051. 
ANNULUS  3  5  1455.  14  1812,  17  2006,  22  1460,  26  1646,  35  1825,  30  1443. 


LEFT  SICE 

total  pressure 

STATIC  PRESSURE 
VELOCITY  delta  n 
AIR  TEMPERATURE 
AIR  VELOCITY 


•••  air  inlet  tube  conditions  *** 


59,52  PSIA 
59.10  PSIA 
,85  "f*u 
601,  OEG  f 
168.62  FT/SEC 


total  PRESSURE 
STATIC  PRESSURE 
VELOCITY  G”LTA  f> 
AIR  TEMPERATURE 
AIM  VELOCITY 


RIGHT  SIDE 
30,6$  PSIA 
30.44  PSIA 
.43  "MG 

001,  OEG  P 
113,71  FT/SEC 
-.276  »MG 


DIFFERENTIAL  PRESSUREl  [ (LEFT  P-TOTAL)- (RIGHT  P-TQTAL)) 

AIR  FLO*  DAT  A I  *-R(F*  144,5  PSIA  DELTA  Pa2«,67  "NG  T*REP»  114.  OEG  P 


fuel  system  oatai 

fuel  f/h  frequency  ass,  nz  volumetric  flow  rate  20. ao  gal/hr 

fuel  PRESSURE  at  F/M  306.4  PSIA  FUEL  TEMP  AT  F/H  101,  OEG  F 

••  MISCELLANEOUS  TRANSDUCER  READINGS  •• 

MANIFOLD  average  BLRNfeN  OUTLET  TOTAL  PRESSURE  56,55  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  SS.40  PIlA  (XDUCfR  M  }}) 

BONNE*  OIFFIMCnTial  total  pRES’JNI  6.64  "MO  (XOUCER  »  13) 


•  CHEMICAL  ANALYST*  RESULTS  • 
GAS  samples  Taken  in  plane  at 
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calculated  ful/air  ratio  from  Chemical  analysis!  ,016007 

CALCULATED  COMBUSTION  EFFICIENCY  from  CHEMICAL  ANALYSIS!  90.700S  X 
CHECK  ON  F/A  RATIO-  ft  A  •  .018014  M/0  Of,  CALCULATED  02  «  10,375  X 

SMOKE  iNCeX!  $Z.¥t 
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Figure  326.  Final  Prechamber  Liner  Modification  "B"  on  Pressure 
Atomizer  Injection  Parametric  Test  at  BOT  »  1700*F. 
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T63  C.O*BU$TO»  e»Pf-MHfefTS  -  <9 IG  fc/U  67,  TEST  SERIES  82,  RE AOING  * 

T63  FIML  PRF.Cha-hI*  MOO  "H»  -  PARAMETRIC  STUDY  ON  PRESSURE  NOZZLE. 

TEST  DATtl  6-1?-??  READING  WAS  TAKEN  AT  1359134  HOURS 


CYCLE  POINT  7 


0  X  POWER  SETTING 


SUMMER  AIR  PLO'* 


*****  EXPERIMENTAL 
2.A2R  IB/SEC 


Ay/C  BURNER  IMLET  RRfcS  91,3  PS1A 
AVG  BURNER  OfcLT*  P  3,87  "MG 

OVERALL  P/A  PATIO  .P1318  (F/F) 

*  I N  LUAO  ► A C  T U P  .7213 

HOT  MOT  SPOT!  *  16  a  1813,  DEG  F 
FUEL  INLET  TEMPI R»lo0£  143,  DEG  F 
PEAT  LUAOIvC-  PARAMETER  ,187496*87 


conditions  ***** 

A VC  BURNER  INLET  TEHP  600,  DEG  F 
AVG  BURNER  OUTLET  TEMP  1506.  DEG  F 


PRESSURE  LOSS 
FUEL  FLOW  RATE 
PATTERN  FACTOR 
MAX  EOT  /  AVG  BQT 

fuel  inlet  pressure 
btu/mour/atm/cupic  FOOT 


2,00  X 
95,02  LB/MR 
.33041 
1,2035 
166,4  PSU 


**•*  dUMNER  outlet  temperature  survey  **** 


IP  TEfP  M 

TEMP 

ID  TEMP 

ID  TEMP  JO  TEMP 

10 

TEMP  10 

TEHP 

Ann.jluS  1  2  1333.  6 

12U8. 

15  175S, 

19  1420,  24  1646. 

27 

1583.  36 

1794. 

ANMILUS  2  4  12611,  7 

1325. 

10  1813. 

21  132P.  25  15S2. 

34 

1498.  37 

1722, 

ANNULUS  3  5  1 ?54 ,  14 

1663. 

17  1683. 

22  1346,  26  1462, 

35 

1504,  30 

1362. 

LEFT  Slot  *** 

AIR 

INLET  TUBE 

Condi riONS  ••• 

RIGHT  SIOE 

TOTAL  PRtSSUKF. 
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TOTAL  PRE8SURF 
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PSIA 

STATIC  PRESSURE 
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STATIC  PRESSURE 
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•31 A 

VELOCITY  PFlT*  p 
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"MG 

VELOCITY  DELTA  P 

.40 

«HG 
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000. 

DEG  F 
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AIR  VELOCITY 
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0 IF FtNE nT I Au  pressure: 

{(LEFT  P-TOTAL)*fRIGMT  P-TOTADI 

-.039 

"MG 

AIR  Flu*  CtTAI  M.«t»a 

144,9 

PSIA  OELTA  P-27.7B  "MG 

T-REP*  1*1. 

DEG  F 

Fuel  SYSTE"  DATA! 

Fuel  f/m  FRicutNC* 

396, 

HZ 

VOLUPHRIC  FLOW  RATE 

15,00  i 

GAL/HR 

fuel  Rressurf  AT  f  (> 

315,0 

PSIA 

FUEL  TEMP  AT  F/M 

III. 

016  F 

•*  RISCELLANEOUS  TRANSDUCER  REAOlNGI  •• 

RANfFOLO  AVERAGE  McRmER  OUTLET  TOTAL  PRESSURE  S0.89  PtlA 

CONRUSTON  OUTER  CASE  STATIC  PRESSURE  0R.S0  P8IA  (XOUCfft  •  11) 

BURNER  OIFFEREnTIal  TOTAL  RRESSURE  3,S5  "MS  tlOUCIR  «  IS) 


•  CHEMICAL  ANALYSIS  RESULTS  • 
CAS  SAMPLES  TAKER  IN  PLANf  ■} 
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CALLULATEO  FuEl/aIH  RATIO  fro*  CHEMICAL  ANALYSHI  , 012000 

CALCULATED  conduit  ION  EFFICIENCY  FRO*  Cm(M)CAL  ANALYSIS!  •0.0111  S 
CHECK  on  F/A  ratio-  F/a  •  .012003  M/O  Ot.  CALCULATfO  01  •  17.320  S 

IMOXC  INDEX »  <727 
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Figure  327 


Final  Prechamber  Liner  Modification  "B*  on  Pretsure 
Atomiser  Injection  Parametric  Test  at  BIP  «  92  psia 


T63  COMBUSTOR  Fl^fc^IML'NTS  -  RIG  B/U  67,  TEST  SERIES  9?,  READING  ft  933 
Tea  FINAL  PReCHAKPfcN  MOO  »«’•  -  PARAMETRIC  situ''  ON  pressure  nozzle. 

TEST  OATEi  6-12-72  READING  Wl  TAKEN  AT  1421139  HOURS 


CYCLE  POINT  7  Cl  POKER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

RuhncR  AIR  ho*  1.427  LB/SEC  AvG  BURNER  INLET  TEHP  999,  L'iG  f 

AvG  BURNER  INLET  PRES  5<J,9  P-1A  AVG  BURNER  OUTLET  TEhR  ISB7,  DEG  f 

AVG  BURNER  DELTA  P  1,29  "RQ  PRESSURE  LOSS  1,99  ( 

OVERALL  f/a  ratio  .pusi  (F/F)  FUEL  FLO*s  rate  sc.ai  lb/nr 

air  LOAD  Factor  .5499  PATTERN  FACTOR  ,31694 

BOT  hot  SPOT t  •  16  ■  1799.  OEP  F  HAN  EOT  /  AVG  SOT  1,1911 

FUEL  INLET  TEHPtVtTURF  194,  DEG  F  FUEL  INLET  PRESSURE  77, 6  PRIA 

HEAT  LOADING  PARAMETER  ,13P19E*P7  BTU/nUUR/ATP/CUSIC  FOOT 

**•*  BURNER  OUTLET  TEMPERATURE  SURVEY  **«• 

IP  TEFP  IJ  T£*P  ID  TEMP  ID  T|PP  10  TEHP  10  TEPR  ID  TEHP 
ANNULUS  1  2  »3F7,  4  1334,  13  1732,  19  1373,  24  1633,  27  1332,  3«  I09S, 

ANNULUS  2  A  142H.  7  1346.  tfi  1796.  21  1342,  23  1337,  34  1939.  37  1099, 

annulus  J  ?  12F2.  14  1322.  17  1711.  92  1369,  26  14P4.  33  i486,  39  1325, 

LEFT  SMt  ***  AIR  INLET  TURF  CONDITIONS  *««  RIGHT  SIDE 

TOTAL  PRESSURE  39.67  PSIA  total  PRESSURE  99,99  PSl* 

STATIC  PHfcSSuut  59,74  PSIA  STATIC  PRESSURE  39, S3  PSIA 

VELOCITY  delta  p  .20  *MG  VELOCITY  DELTA  P  ,13  »H6 

AIR  TENPtNATuR?  319,  DEG  F  AIR  TEMPERATURE  999,  OtC  F 

AIN  VELOCITY  91.94  FT/SEC  AJR  VELOCITY  83,23  FT/SIC 

DIFFERENTIAL  PRESSURE!  {(LEFT  P-IOTAL)*(**IfcHT  P-TOTAlT)  *.893  »M6 

Al»  FLO-  0*T * !  P.NEFR  146.9  PSIA  OtL T A  Pt  e.33  *HG  T.REFk  116,  DEG  f 

fuel  system  oatai 

Fuel  F/h  FREQUENCY  ISS.  R|  VOLUMETRIC  FlOn  Rate  6,19  GAL/hr 

FUtL  PRESSURE  at  F/m  343,7  PSIA  PutL  T|HP  AT  F/m  1§J,  086  F 

••  MISCELLANEOUS  TRANSDUCER  RfADlMCS  •# 

PANfpULO  AVERAGE  BuRnCn  OUTLET  total  PRESSURE  99, »•  PSIA 

C0H9UST0*  OUTER  CASE  STATIC  PRESSURE  39, SB  PBtA  (XOuCtR  ft  11) 

BuhnCR  OIFFEnEnTJal  TOTAL  ftRftSURE  1,19  "Hfi  (AOUCIR  •  19) 

•  chehical  analysis  results  • 
gas  samples  taken  jn  Plane  ii 


C02 

2.993 

X 

C  2 

16. Sep 

1 

CO 

*B,2 

PPH 

CNX  ,#  PPM 

NO 

63.7 

PPM 

nO  2 

s.s 

PPM 

N0X 

PPM 

(NO(NOtR)  •  HOt(NOUV)) 

NO 

94,7 

PP« 

NU2 

l.« 

PPM 

NO* 

•S.E 

PPH 

(  ChIHIlURImIICEnCI  ) 

EMISSIONS  InOEA,  LB/IFF4  LB  Full!  CO*  ),B«  CHIft  ,BB 

CHEMILUMINESCENCE  NOlft  7,B».  NO!*  ♦  NOUY  NO«ft  B.)« 

CALCULATED  FLtL/AjR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,914941 

calculated  comhustion  ef'ciincy  prom  chemical  analysis!  bb.biib  t 

CHECK  On  P/a  RATIO-  F/a  •  ,B1 ABBS  */0  02.  CALCUL*TEO  02  ■  1B.BB4  8 
smoke  Index i 

SALTZHAt  NOX  PPm 


Figure  328.  Final  P  re  chamber  Liner  Modification  "8"  on  Pressure 

Atomiser  Injection  Parametric  Te»c  at  Airflow  -  1  lb/sec. 
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improved  due  to  the  enrichment  0f  the  reaction  zone,  since  the 
reaction- zone-holes  air  admission  rate  was  25%  of  the  swirler  air 
rate,  and  by  maintaining  a  strong  swirl  in  the  reaction  zone,  which 
had  been  dissipated  to  some  extent  by  the  normal  injecting  air  jets 
through  tne  reaction-zone  holes.  The  stronger  vortex  would  then 
transfer  more  combustion  gases  upstream  to  the  fuel  film,  increasing 
the  vaporization  gas  temperature,  and  thus  the  vaporization  heat 
transfer.  Table  LXXXI  is  a  summary  of  the  emission  performance 
of  Final  Prechamber  Combustor  Modifications  ’’B”,  ’  C",  and  "D” .  The 
details  of  the  Modification  "C"  nonregenerative  test  results  are 
presented  in  Figure  329  through  333.  The  closing  of  the  reaction- 
zone  holes  did  increase  the  combustor  pressure  loss  an  additional 
1%,  to  an  average  of  6.62%  for  the  five  operating  conditions  tested. 

This  change  to  the  Prechamber  combustor  had  no  effect  on  the  hydro¬ 
carbon  concentrations  the  combustor  produced;  see  Figure  334.  Once 
again, the  exhaust  temperature  profile  at  the  high  power  operating 
conditions  was  too  poor  to  permit  the  combustor  to  operate  without 
damaging  the  exhaust  instrumentation.  Figure  335  shows  that  the 
change  in  Modification  ’C"  did  reduce  the  carbon  monoxide  concentra¬ 
tion  at  idle  but  not  at  the  higher  power  conditions.  The  NO*  con¬ 
centrations  plotted  in  Figure  336  show  the  improvement  in  the 
Prechamber  Modification  "C"  combustor  at  middle  power  conditions. 

The  CO  vs  NO  curve  for  this  configuration  is  plotted  in  Figure  337. 
This  curve  clearly  shows  the  Modification  "C"  improvement  in  emis¬ 
sions  at  the  25%  and  40%  power  conditions.  Smoke  was  further 
reduced,  as  shown  in  Figure  338.  This  configuration  was  the 
first  time  smoke  reductions  were  obtained  that  even  approached 
those  obtained  in  the  preliminary  Prechamber  combustor.  The  exhaust 
temperature  profile.  Figure  339,  although  slightly  improved  in 
Modification  ”CM,wes  still  a  severe  problem,  the  degrading  profile 
trend  seen  at  75 %  power  conditions  continued  when  rig  conditions 
were  increased  toward  maximum  power,  thus  requiring  that  data  for 
that  point  be  aborted.  After  the  wall  fuel  film  data  were  obtained, 
the  combustor  was  removed  from  the  test  rig  and  no  pressure  atomizer 
fuel  injection  mode  data  were  taken  on  Modification  ^C". 

ttoiuusiugfl, 

The  final  change  to  the  Final  Prechamber  conwustor  was  fabricating 
a  centerbody  and  attaching  it  to  the  swirler  vane  hub  band.  The 
Preliminary  Prechamber  combustor  used  a  vaporizer  tube  centerbody, 
but  to  incorporate  the  pressure  atomizer  fuel  injector,  the  cenrer- 
hody  was  not  included  in  the  previous  Final  Prechamber  designs. 

The  teat  rig  data  for  Modification  "D**  are  presented  in  Figures  340 
through  344  and  summarized  in  Table  LXXXI.  A  poor  exhaust  tem¬ 
perature  profile  on  this  combustor,  as  in  most  of  the  previous  con¬ 
figurations,  required  that  the  testing  be  restricted  to  only  the 
lowest  f i ve  operating  conditions. 
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TABLE  LXXXX.  COMPARISON  OF  T63  NONRRGENERATIVE  EM1SSION/COMBUSTOR 
PERFORMANCE  OF  FINAL  PRECHAMBER  COMBUSTORS  OPERATING 
ON  WALL  FUEL  FILM  INJECTION  (1)  MODIFICATION  ”B", 

(2)  MODIFICATION  "C" ,  AND  (3)  MODIFICATION  ”D" 


I. 


A. 

Emissions 

1 

6 

5  I 

4 

3 

CO,  (ppm) 

619.2 

289.6 

127.5 

166.8 

175.0 

H/C, (ppm) 

140.0 

40.0 

9.8 

7.2 

2.1 

NO  .(On-Line,  NDIR  &  NDUV)  (ppm) 

12.2 

17.3 

27.1 

35.  5 

51.6 

NO  .(On-Line,  CL)  (ppm) 

12.0 

18.3 

27.5 

41.1 

52.9 

NO  ,  (Saltzman)  (ppm) 

10.4 

19.6 

30.3 

39.9 

55.9 

Smoke  Number 

tlffra 

1.82 

0.96 

0.11 

3.26 

B. 

Pressure  Loss  (%) 

5.15 

5.92 

5.79 

5.81 

C. 

Temp.  Profile  (T  ^  /T  ) 
r  v  max  avgy 

19 

1.357 

1.277 

1.290 

1.274 

I’.nal  Prechamber  Mod.  ”Cn 

Wall  Fuel  Film 

A.  Emissions 

CO,  (ppm) 

4S7.9 

142.9 

158.7 

160.7 

170.9 

H/C,  (ppm) 

135.0 

26.0 

17.6 

7.2 

1.3 

NO^,  (On-Line,  NDIR  &  NDUV)  (ppm) 

13.1 

13.9 

19.5 

29.8 

49.1 

NOx,  (On-Line,  CL)  (ppm) 

13.0 

15.6 

25.1 

90.2 

43.0 

N0x,  (Saltzman)  (ppm) 

1C. 2 

12.4 

25.4 

92.9  j 

58.1 

Smoke  Number 

2.49 

0.29 

2.36 

0.06 

B. 

Pressure  Loss  (X) 

5.  74 

6.62 

7.  IB 

6.95 

6.62 

C. 

Temp.  Profile  (T  /T  ) 
r  v  max  avg' 

L  .  301 

i .  283 

1.255 

..253 

1.307 

Final  Prechanber  -  Mod.  "D" 

Wall  Fuel  Film 

A.  Emissions 

. 

CO,  (ppm) 

426  5 

185.  5 

129.4 

156.7 

156.7 

H/C,  (ppm) 

85.0 

1 

15.0 

4.4 

.  7 

.2 

NO^,  (On-Line,  NDIR  &  NDUV)  (ppm) 

16.7 

16,7 

25,4 

40.0 

67.4 

NO  ,  (On-Line,  CL)  (ppm) 

13.  5 

18.1 

27.5 

39.2 

50.9 

N0x,  (Saltzman)  (ppm) 

12.4 

19.2 

32,6 

38/2 

66.5 

Smoke  Number 

.01 

.00 

.00 

.00 

.00 

B. 

Pressure  Less  (X) 

6.14 

6.72 

6.78 

6.67 

6.15 

C. 

Temp.  Profile  (T„|aj/Tavg) 

1.361 

l .  2^4 

1.230 

L.230 

1.317 

Cycle  Point 


III. 


NO  DATA  TAKEN  NO  DATA  TAKEN  NO  DATA  TAKEN 
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T6.3  CU-“HUSTOS  EXPe'RI*fcNT$  • 

T 6 :j  FINAL  PRFCh^BFR  HOO  "C" 
TEST  OATt:  a-14-72 


»IG  B/U  68*  TEST  SERIES  83,  READING  •  934 

«  ON  F ILF*  NOZZLE  4  STD  T63  INLET  CONDITIONS 
RE»iUf  1  nAS  TAKEN  AT  MI3I12  HOURS 


C t f: l E  POINT 


18  X  PO«ER  SETTING 


*****  EXPERIMENTAL 
SUKNEH  AIR  PL'Jn  1.444  LB/SEC 

avt,  oiiHNtw  Inlet  p«es  aa.3  psia 
a  VG  BMPnE*  OElT*  P  3,10  "MG 
OVERALL  F/A  VATIu  ,-<lM94  (F/M) 

AIR  LOAD  FacTOk  1,1472 

00 1  HO  I  SPOT:  A  2a  S  1362,  f)Eii  F 
FUEL  iNLtT  TfcftPfc NATURE  03,  OEG  F 
HEAT  LOADING  PANANtTEH  .29246F *07  0 


CONDITIONS  ****•> 


* V6  BURNER  INLET  TEMP 

380. 

OEG  F 

AVS  BURNER  OUTLET  TEmP 

1047, 

OEG  F 

PRESSURE  LOSS 

3.74 

X 

FUEL  FLOP  RATE 

72.63 

LB/hr 

pattern  factor 

.42231 

max  OOT  /  AVG  BOT 

1.3013 

FUEL  INLET  PRESSURE 

40,9 

PSIA 

./HOuR/ATr/CUBIC  FOOT 


ANNlJujS  l 
annulus  p 
annulus  3 


«•**  0URVEW  OIjTlET  TEMPERATURE  SURVEY  •*•• 

ID  TEPP  10  TEMP  id  TFHP  id  TEHP  iq  TEMP  10  TEMP  ID  TEMP 
2  RM.  6  048.  15  1283,  19  1213,  24  {382,  27  1826,  36  1893. 

4  05/.  7  S3 2.  16  1356,  21  1062,  25  1058,  34  981,  37  1079. 

5  774.  14  t*a«,  17  1251,  22  1158,  26  887,  35  907,  39  850. 


LEFT  SIDE 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


•«*  AIR  INLET  TUBE 


44.31 

44,03 

.58 

300. 

129.49 


PSIA 
PS  I A 
"HG 
DEG  F 
FT/SEC 


CONDITIONS  *** 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VFLOCiT Y  DELTA  P 
AIR  TEMPERATURE 
*IR  VELOCITY 


DIFFERENTIAL  pressure:  [  (LEFT  P-TOTAL)- f ft IGHT  P-TOTALJJ 


RIGHT  SIDE 
44,32  PSIA 
44,]4  PSIA 
.37  "HG 

308,  DEG  T 
103,73  FT/SEC 
-.024  "HG 


AIR  FLOW  data:  P.keF*  105.1  PSIA  DELTA  P«  1.60  "NG  T-REF*  103,  OEG  P 


fuel  system  data: 

fuel  f/h  frequency  289,  pz 

fuel  PRESSURE  at  F/M  233,4  PSIA 


VOLUMETRIC  FLOW  RATE  11,72  GAL/HR 
FUEL  TEMP  AT  F/H  02,  0EG  P 


**  MISCELLANEOUS  TRANSDUCER  READINGS  #* 
MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  41,77  PSIA 
COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  43.59  PSIA 

PURNER  DIFFERENTIAL  TOTAL  PRESSURE  5.17  «HG 


(XOUCER  •  11) 
(XOUCER  »  13) 


CHEMICAL  ANALYSIS  RESULTS  * 


COP 

1.817 

X 

C2  16,900 

X 

CO 

NO 

4.2 

PPM 

N02  8.9 

PPM 

NOX 

NO 

6,0 

PPM 

N02  7,0 

PPM 

NOX 

EMISSIONS 

INDEX 

,  LB/1000  LB 

FUEL! 

CO* 

CHEMILUMINESCENCE  NOX* 


457,9  PPM  CNX  135,0  PPM 
13,1  PPM  (NO(NDIR)  ♦  N02 (NQUV) ) 
13,0  PPM  I  CHEMILUMINESCENCE  ) 
4**81  CNX«  10,99 

1.91,  NOIR  ♦  NOUV  NOX»  1,92 


calculated  fuel/air  ratio  frot  chemical  analysis!  .000922 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  90,9076  X 
CHECK  ON  F/a  RATIO-  F/A  ■  ,009117  N/0  02,  CALCULATED  02  ■  10,436  X 

SMOKE  INOEXI  2A9 

3ALTZMAN  NOX  •  fQi  PPM 


Figure  329.  Final  Preehamber  Liner  Modification  "C"  on  Wall  Fuel 
Film  Injection  at  Nonregenerative  lOJf  Power. 
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T 63  LUrtduSTOH  EXPERIMENTS  -  RIG  fc/U  68,  TEST  SERIES  83,  READING  *  939 

t3  FINAL  PRF.CHaMbE*  MOO  "C  -  ON  FRH  NQ7ZLE  P  STD  T65  INLET  CONDITIONS 
TEST  DATE!  fl-H-72  READING  MAS  TAKEN  *T  1439146  HOURS 

CYCLE  POINT  6  29  X  POWER  SETTING 


*****  EXPERIMENTAL 
BURNER  AlR  FlO*  2.214  LB/SEC 

AV'J  BURNER  InLET  PRES  54,7  PSIA 

AVG  BURNER  DELTA  P  7.37  "MG 

OVERALL  F/A  RATto  ,«1215  (F/M) 

air  load  factor  1,1555 

BOT  HOT  SPOT  I  ti  16  »  1532 
FUEL  INLET  TEMPERATURE  93 
HEAT  LUAOING  PARAMETER 


CONDITIONS  ***** 


AVG  BURNER  INLET  TEMP 

354. 

DEG  F 

AVG  BURNER  OUTLET  TEMP 

1103. 

DEG  F 

PRESSURE  LOSS 

6.62 

X 

FUEL  FLOW  RATE 

96.83 

LB/HR 

pattern  factor 

.40167 

MAX  BOT  /  AVG  SOT 

1.2626 

FUEL  INLET  PRESSURE 

90.5 

PSIA 

DEG  F 
DEG  F 

316|4E*P7  3 TU/HuUR/ ATM/CUBIC  FOOT 


****  BURNER  OUTLET  TEMPERATURE  SURVEY  *•»* 

ID  TEMP  It)  TEMP  io  TEMP  ID  TEHP  ID  T6HP  10  TEMP  10 
ANNULUS  1  2  1 .1 7 8 ,  5  9  )2.  15  1446.  19  1232.  24  1304,  27  1369,  36 
ANNULUS  2  4  1334.  t  ia-<9,  16  1532,  21  126 1 .  25  1373.  34  1034,  37 
ANNULUS  3  5  994.  14  1299.  17  1385.  22  1296.  26  1161.  35  988.  39 


TEHP 

1088, 

1070, 

953, 


LEFT  SIDE  *•*  AIR 

TOTAL  PRESSURE  54.64 

STATIC  PRESSURE  54,39 

VELOCITY  DELTA  P  .50 

AIR  TEMPERATURE  354. 

AIR  VELOCITY  111,64 


DIFFERENTIAL  PRESSURE!  t  CL 


NLET  TUBE  C0N0ITI0N3  *«* 

PSIA  TOTAL  PRESSURE 

PSIA  STATIC  PRESSURE 

*HG  VELOCITY  OELTA  P 

OfcG  F  AIR  TEMPERATURE 

FT/SEC  AIR  VELOCITY 

T  P-TQTALWRIGHT  P-TOTALJl 


RIGHT  SIDE 
34,87  PSIA 
34,41  PSIA 
.34  »HG 

334,  DEG  P 
116,34  FT/SEC 
•.077  "HG 


AIR  FLOP  DATA!  P-RfF*  164,2  PSIA  DELTA  P*  2,33  "HG  T-REFb  106,  DEG  F 
FUEL  SYSTEM  OAT  A  I 

FUEL  P/M  FREQUENCY  338.  HZ  VOLUMETRIC  FLOW  RATE  15,65  GAL/HR 

FUEL  PRESSURE  AT  F/M  223,3  PSIA  FUEL  TEMP  AT  F/M  94,  DEG  F 

••  MISCELLANEOUS  TRANSDUCER  READINGS  *• 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  51,04  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  53,94  PSIA  (XDUCER  «  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  7,33  "HG  (XOUCER  «  13) 


•  CHEMICAL  ANALYSIS  RESULTS  • 
GAS  SAMPLES  TAKEN  IN  PLANE  *1 


C02 

1.937 

X 

02  16.600 

X 

CO 

142,9 

PPM 

CHX  26,0  PPM 

NO 

4.2 

PPM 

N02  9.7 

PPM 

NOX 

13.6 

PPM 

(NO(NOIR)  ♦  N02 (NDUV) ) 

NO 

9.6 

PPM 

N02  6.9 

PPM 

NOX 

15.6 

PPM 

(  CHEMILUMINESCENCE  ] 

EMISSIONS 

INDEX 

,  LB/1000  LB 

FUEL! 

CQB 

11,91 

CHXB  3,30 

CHEMILUMINESCENCE 

NOX- 

2.06, 

NDIR  *  NDUV  NOX*  1,04 

CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALV8I8I  ,089248 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIll  99,2110  X 
CHECK  ON  F/A  RATIO*  P/A  ■  ,009362  W/0  02,  CALCULATED  02  ■  18,262  X 

SMOKE  INDEX  I  .  2$ 

SALTZMAN  NOX  ■  ^  PPM 


Figure  330*  Final  Prechamber  Liner  Modification  "C”  on  Wall  Fuel 
Film  Injection  at  Nonregenerative  2596  Power. 
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TS3  CflHiiUSTO*  £.<pf.kI*EnTS  -  RIG  3/U  68,  TEST  SERIES  83,  REAOING  *  938 
T*3  FINAL  PwECmahmER  MOD  "C"  -  OF  F ILF  NOZZLE  #  STD  T63  INLET  CONDITIONS 
TEST  date:  ft.H-72  READING  WAS  TAKEN  AT  1309135  HOURS 


CYCLE  ROInT  5  40  X  POWER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BUHNtR  AIR  FLUX  2.67b  LS/SEC  AVG  BURNER  INLET  TEMP  397,  DEG  F 

AVG  MUrtNtR  INLET  PFFS  63.6  PSIA  AVG  FUNNER  OUTLET  TEMP  1317.  OEG  F 

A vG  BURNER  delta  h  9.30  "hG  PRESSURE  LOSS  7.18  X 

OVERALL  F/a  raTIj  .81334  (F/M)  FuEL  FLOW  RATE  123.65  LB/HR 

air  LfUl)  Factor  1,1144  PATTERN  FACTOR  ,36459 

dOT  NfjT  SPOT:  a  id  *  1«S3.  DEG  F  MAX  60T  /  AVG  BOT  1.2546 

FUEL  INLET  TEMPERATURE  97.  DEG  F  FUEL  INLET  PRESSURE  59,7  PSIA 

MEAT  LOADING  p  a*  amF  TER  ,346716407  BTU/HOUk/ ATM/CUBIC  FOOT 

**•«  mu«nf:r  outlet  temperature  survey  **** 

In  temp  id  temp  m  TEMP  ID  TEMP  ID  temp  10  TEMP  10  TEMP 
ANN.JuJS  1  2  1224.  6  1475,  15  1582,  19  1328,  24  1612,  27  1418,  36  1215, 

ANM'LUS  2  4  12*9.  7  1 376.  16  1653,  21  1363,  25  1489,  34  1200,  37  1184, 

ANNULUS  3  5  1.16b,  14  1487.  17  1489,  22  1434.  26  1315.  39  1131,  39  1093. 

LEFT  SIDE  «**  AIR  INLET  TUBE  CONDITIONS  ***  RIGHT  SIDE 

TQUL  PRESSURE  63,57  PSIA  TOTAL  PRESSURE  63.70  PSIA 

STATIC  PRESSURE  63,16  PSIA  STATIC  PRESSURE  63,30  PSIA 

VELOCITY  DELTA  P  .34  «HG  VELOCITY  DELTA  P  .81  "HG 

AIR  TEMPERATURE  397.  OF-G  F  AIR  TEMPERATURE  397,  OEG  F 

AIR  VELOCITY  136.70  FT/SEC  Aik  VELOCITY  136.11  FT/SEC 

DIFfERtNTlAL  PRtSSURE!  t CLEFT  P-TOTAL)-{KlGHT  P-TOTAL))  -.253  "HO 

AIR  FLOW  OATAJ  F-NPF*  103,4  PSIA  DELTA  P«  3.19  "HG  T-REF ■  106,  DEG  F 

fuel  system  data: 

FUEL  F/n  frequency  437.  MZ  VOLUMETRIC  FLOW  RATE  20,01  GAL/HR 

FUEL  PRESSURE  at  F/M  213,6  PSIA  FUEL  TEMP  AT  F/M  96,  DEG  f 

**  MISCELLANEOUS  TRANSDUCER  READINGS  •• 

MANIFOLD  AVERAGE  SINNER  OUTLET  TOTAL  PRESSURE  59,07  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  62,39  PSIA  (XOUCER  ft  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  9.18  "HG  (XOUCER  ft  |3) 

«  CHEMICAL  ANALYSIS  RESULTS  * 

GAS  SAMPLES  TAKEN  IN  PLANE  «1 


C02 

2.083 

X 

02  18.400 

X 

CO 

150.7 

PPM 

CHX 

17,6  PPM 

NO 

4.9 

PPM 

NU2  14,7 

PPM 

NOX 

19.5 

PPM 

{NO (NDIR) 

4  N02CNOUV)] 

NO 

12,0 

PPM 

N02  13,1 

PPM 

NOX 

25.1 

PPM 

[  CHEMILUMINESCENCE  ) 

EMISSIONS 

INDEX 

,  LB/1000  LB 

FUEL! 

C0» 

11,66 

CHX*  2,04 

CHEMILUMINESCENCE  NOX*  3,93,  NDIR  ♦  NOUV  NOX«  2,36 

CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALVSISl  ,009908 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  99,4981  X 
CHECK  ON  F/A  RATIO-  F/A  •  .010853  N/0  02,  CALCULATED  02  ■  18,980  X 

SMOKE  INDEX!  2.  34 

8ALTZMAN  NOX  *  PPM 


Figure  331.  Final  Preohamber  Liner  Modification  "C"  on  Wall  Fuel 
Film  Injection  at  Nonregenera tive  4094  Power. 


TM3  COc.fiUSTo*  EXPERIMENTS  -  WIG  B/u  66,  TEST  SERIES  63,  READING  «  937 
T63  Final  PRECm 4t*ri t  R  hqo  «C"  -  CF  FILM  NOZZLE  A  STD  T63  INLET  CONDITIONS 
TEST  IjATfcJ  8-14-72  READING  NAS  TAKEN  AT  1347121  HOURS 


cycle  point 


55  1!  POWER  SETTING 


*****  EXPERIMENTAL 
burner  air  Flu*  2.775  L&/SEC 

avg  burner  inlet  rke«  7i.e  psia 
AVG  BURNtR  DELTA  P  117,13  "HG 
OvfcRALl  F  7  A  RATIO  ,vM45?  ( F  /  M  ) 

AIk  LO Ali  FACTUR  1,1561 

HOT  HOT  SHUT!  A  2*  *  1778.  DEG  F 
FUEL  INLET  TEMPERATURE  99.  DEG  F 
MEAT  LOALlNG  PARAMETER  .3M57t*f?7  B 


CONDITIONS  ***** 

AVG  BURNER  INLET  TEMP 

429. 

DEG 

F 

AVG  BURNER  OUTLET  TEMP 

1416, 

OEG 

F 

PRESSURE  LOSS 

9.95 

X 

FUEL  FLOW  RATE 

145.04 

LB/HR 

pattern  factor 

.36351 

MAX  BOT  /  AVG  BOT 

1,2535 

fuel  imet  pressure 

67.9 

PSIA 

.'/MOUR/aTM/CUBIC  FOOT 


AnnijLuS  l 
ANNULUS  2 
anmiluS  3 


***•  HUMMER  OUTLET  TFIMPERATURF  SURVEY  **** 

ID  Temp  ID  TEMP  id  TEMP  ID  TEMP  ID  TENP  ID  TEMP 

2  1318.  6  1139,  15  1689,  19  1416.  24  177B,  27  1389. 

4  1337.  7  1122.  l6  175P,  21  1314,  25  1615,  34  1281, 

5  1134.  14  1566.  17  1625.  22  1561,  26  1426,  35  1217, 


ID 

36 

37 
39 


TEMP 

1281, 

1243. 

1173. 


LEFT  SIDE  ***  AIR 

TOTAL  PRESSURE  71.55 

STATIC  PRESSURE  71,27 

VELOCITY  DELTA  P  .98 

AIR  TEMPERATURE  429. 

AIR  VELOCITY  143.94 


DIFFERENTIAL  PRESSURE:  t 


N'LET  TUBE  CONDITIONS  *** 
PSIA  TOTAL  PRESSURE 

PS1 A  STATIC  PRESSURE 

"MG  VELOCITY  DELTA  P 

DEG  F  AIR  TEKPfcRATURE 

FT/SEC  AIR  VELOCITY 

T  P-TQTALWRIGHT  P-TOTAL) 


1 


RIGHT  SIDE 
71.68  PSIA 
71.26  PSIA 
.65  "HG 

429,  DEG  P 
116,63  FT/SEC 
•.692  "HG 


AIR  FLU*  data:  F-Nf-F.  122,6  PSIA  DELTA  P*  3,74  "HG  T-REP*  105.  OEG  P 
fuel  system  data: 

Fuel  F/m  FREQUENCY  537,  mZ  VOLUMETRIC  flow  RATE  23.30  GAL/HR 

fuel  pressure  at  f/r  207,2  psia  fuel  temp  at  f/m  99.  deg  f 


•*  MISCELLANEOUS  transducer  READINGS  ** 
MANIFOLD  average  PURnEr  OUTLET  TOTAL  PRESSURE  66,60  P8IA 
COMBUSTOR  OUTER  CASt  STATIC  PRESSURE  70,50  P3IA 

BURNtR  DIFFERENTIAL  TOTAL  PRESSURE  10,08  "MG 


(XDUCER  M  11) 
(XOUCER  «  13) 


•  CHEMICAL  ANALYSIS  RESULTS  * 

gas  samples  taken  in  plane  «i 


C02 

2.254 

X 

0?  17.600 

8 

CO 

160,7 

PPM 

CHX  7,2  PPM 

NO 

12.7 

PP-1 

Nl'2  17,2 

PPM 

NOX 

29,8 

PPM 

(NO(NDIR)  ♦  N02 (NDUV) ] 

NO 

14.8 

PPM 

NL'2  23,4 

PPM 

NOX 

40.2 

PPM 

t  CHEMILUMINESCENCE  ] 

EMISSIONS 

INDEX 

,  LB/1000  L8 

FUEL! 

CO* 

10,86 

CHX*  ,77 

CHEMILUMINESCENCE 

NOX* 

4.46, 

NOIR  *  NDU V  NOX*  3.31 

CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANAL YSISl  ,010007 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS  I  09,8900  8 
CHECK  UN  F/A  RATIO-  F/A  «  ,010663  N/O  02,  CALCULATED  02  ■  17,047  8 

SMOKE  1N0EX1  «  66 

SALTZMAN  NOX  •  4*9  _____  PPM 


Figure  332.  Final  Prechamber  Liner  Modification  "C"  on  Wall  Fuel 
Film  Injection  at  Nonregenerative  5596  Power. 
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T63  COKBUSTn«  EXPERIMENTS  -  RIG  g/u  68,  TEST  SERIES  83,  READING  ft  038 
T63  final  PKtCHAhgfcR  not)  "C"  -  On  FILM  NOZZLE  #  STD  T63  INLET  CONDITIONS 
TEST  DATE  I  A-ia-72  READING  WAS  TAKEN  AT  1688118  HOURS 

CYCLE  POINT  3  75  X  POWER  SETTING 


*****  EXPERIMENTAL 
burner  air  flow  2.996  lb/sec 

AVG  BURNER  InLET  PRES  8«,9  PSIA 

AVG  BURNER  DELTA  P  10.91  "RG 

OVERALL  F/A  HaTIU  ,01664  {F/P} 

air  load  factor  1,1301 


CONDITIONS  ***** 

AVG  BURNER  INLET  TEMP 

472. 

OEG  F 

AVG  BURNER  OUTLET  TEMP 

I960. 

OEG  F 

PRESSURE  LOSS 

6.62 

X 

FUEL  FLOW  RATE 

179.50 

LB/HR 

PATTERN  FACTOR 

MAX  BOT  /  AVG  BOT 

FUtL  INLET  PRESSURE 

.43752 

1,3069 

79,0 

P8IA 

BOT  HOT  SPOT!  *  2A  a  2065.  DEG  F 
FUEL  INLET  TtHPfeRATURE  100,  OtG  F 

HEAT  LOADING  PARAMETER  ,39588E*07  BTU/WOUR/ ATM/CUBIC  FOOT 


•***  BURNER  OUTLET  TEMPERATURE  SURVEY  *••* 

ID  TEMP  ID  TEMP  10  TEMP  IC  TEMP  10  TEMP  10  TEMP  ID  TEMP 
ANMJLUS  1  2  1357,  6  1200,  15  18B5.  19  1631,  24  2869.  27  1798,  36  1440, 
ANNULUS  2  4  140?,  7  1164,  16  2081,  21  1741,  29  1836.  34  1378,  37  1376, 
ANNULUS  3  5  1239,  14  1735.  17  1633.  22  1854.  26  1603.  39  1296,  39  1309, 


LEFT  Slot 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


***  AIR  INLET  TUBE  CONDITIONS  *** 


88,86 

00,44 

.85 

472. 


PSIA 
PSIA 
"MG 
DEG  F 


129.08  FT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


OIFFENfcNTIAL  PRESSURE!  ((LEFT  P-TQTAL)- (RIGHT  P-TOTAUl 


RIGHT  SIOE 
80.96  PSIA 
80,60  PSIA 
,70  "HQ 

472.  OEG  P 
117,09  FT/SEC 
-.170  "HG 


AIR  FLOW  OATAi  P-RfcF*  142,0  PSIA  OELTA  P»  4,39  "HG  T-REF*  109,  DIG  F 
fuel  system  OATAI 

FUEL  F/M  FREQUENCY  667.  MZ  VOLUMETRIC  FLOW  RATE  29,11  GAL/HR 
FUEL  PRESSURE  aT  F/m  193.9  PSIA  FUEL  TEMP  AT  F/M  100,  OEG  P 

**  MISCELLANEOUS  TRANSDUCER  READINGS  ** 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  79,99  R8IA 

CQNSU9T0R  OUTER  CASE  STATIC  PRESSURE  79,28  PSIA  (XOUCER  ft  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  10,82  "HG  (XOUCER  ft  13) 


•  CHEMICAL  ANALYSIS  RESULTS  ft 
GAS  SAMPLES  TAKEN  IN  PLANE  «1 


cos 

2,908 

X 

02  17,400 

X 

CO 

170,9 

PPM 

CHX  1.9  PPM 

NO 

90.9 

PPM 

N02  19.2 

PPM 

NOX 

AM 

PPM 

(NO(NOIR)  ♦  N02(NDUV)) 

NO 

26.9 

PPM 

N02  21,4 

PPM 

NOX 

40.8 

PPM 

(  chemiluminescence  ) 

EMISSIONS 

INOIX 

•  LB/1040  LB 

FUEL!  C0> 

18,09 

CMXft  .11 

CHEMILUMINESCENCE  NOxb  •4,09#  NOIR  ft  NOUV  NOX*  4,77 


CALCULATED  FliEL/AlR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,012109 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALVSXIt  SB, 6401  X 
CHECK  ON  F/A  RATIO-  F/A  •  .012825  N/0  02,  CALCULATED  OS  •  17.001  I 

SMOKE  INOEXl  O 

IALTZMAN  NOX  ■  ffm 


Figure  333,  Final  Prechamber  Liner  Modification  "C"  on  Wall  Fuel 
Film  Injection  at  Nonregene rat ive  75Jf  Power. 


537 


O  Conventional  Liner 


Figure  334.  Nonregenera tive  T63-A-SA  Combustor 

Hydrocarbon  Emission  Data  Comparison  for  Extended. 
Length, Prechamber  Final  Design  Modification  "C" 
Combustor  and  T63  Baseline  Combustors. 


Carbon  Monoxide  -  PPM 


0  10  30  30  40  50  60  70  80  90  100 

Percent  output  Horsepower 


Figure  33$.  Non regene re tive  T63-A-SA  Combustor 

Carbon  Monoxide  Emission  Pats  Comparison  for 
Ex tended«Length, Prechamber  Final  Design 
Modification  "C"  Combustor  and  T63  Baseline 
Combustors. 


Oxl.cc 3  of  Nitrogen  a3  NO2  -  PPM 
{On-Line,  20 IR  +  NDUV) 


0  10  20  30  40  50  60  70  80  90 

Percent  Output  Horsepower 


Figure  336.  Non regene re tive  T63-A-SA  Combustor 

Nitrogen  Oxides  Emission  Osts  Comparison  for 
Extended-Length, Prechsmber  Final  Design 
Modification  "C"  Combustor  and  T63  Baseline 
Combustors. 


Carbon  Konciide 


figure  537. 


iMavnf nt i ve  T63-A-SA  Combustor 

r£n  Monoxide  VS  Nitrogen  Oxide* 

apart *on  for  Extended-Length,  Pr^S? 

ifgn  Modification  "C"  Co»bu*tor  end  Tb3  SaseUne 

nbustors. 


SMI 


(SAE  ARP  1179  Procedure) 


16  l— - 


O  Conventional  Liner 

□  Extended-Length  Liner 

O  Pre chamber  Mod.  "C"  Liner 
Wall  Fuel  Film  Injection 


[O J 


0  10  20  10  40  50  ^  60  70 

Percent  Output  horsepower 


90  100 


Figure  330.  Nonregene re tire  T63-A-SA  Combustor 

Smoke  Data  Comparison  for  Extended -Length, Prechamber 
Final  Design  Modification  "C"  Combustor  and  T63 
Baseline  Combustors. 


Temperature  Profil 


1.08 


1.04 


O  Conventional  Liner 

O  Sxtended-Length  Linar 

O  Precheaber  Mod.  ”C"  Liner 
Wall  Fuel  Film  Injection 


=ti 


10  20  30  40  50  60  70  80  90  100 

Percent  Output  Horsepower 


Figure  339.  Nonregenera  tiv*  T63-A-SA  Co*  bus  tor 

Temperature  Profile  Oats  Comparison  for 
Extended-Length,  Prechasiber  Final  Design 
Modification  "C"  Combustor  and  T63  Baeeline 
Combustors. 
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T63  COMBUSTOH  EXPERIMENTS  •  RIG  B/U  74,  TEST  SERIES  92*  HEADING  •  182! 

TBS  A  INAL  PRECNANBE*  •  MOO  *0*  •  RUN  AT  STD  T«3  INLET  CONDITIONS, 

TEST  DATE!  8-28-72  READING  NAS  TAKEN  AT  1428128  HOURS 

CYCLE  POINT  S  28  I  POHER  SETTING 

•»»»»  EXPERIMENTAL  CONDITIONS  *•••* 

BURNER  AIR  PLOH  2,286  LB/SEC  AvG  BURNER  INLET  TEMP  392,  0E6  P 

AV6  BURNER  INLET  PRES  94,4  PSIA  AVG  BURNER  OUTLET  TEM»  1142,  OEG  P 

AVG  BURNER  DELTA  P  7,44  "MG  PRESSURE  LOSS  6,P2  X 

OVERALL  P/A  RATIO  ,81288  (P/H)  FUEL  PL0n  RATE  99,92  IB/MR 

AIR  LOAO  PACTOR  1,1941  PATTERN  PtCTOR  ,42932 

80T  MOT  SPOT  I  •  16  *  1478,  OEG  P  MAX  BOT  /  AVG  BOT  1,2943 

PUEL  INLET  TEMPERATURE  91,  OEG  P  FUEL  INLET  PRESSURE  9«,3  P3IA 

MEAT  LOADING  PARAMETER  ,31449E«97  BTU/MOUR/ATM/CUSIC  POOT 

m«i  BURNER  OUTLET  TEMPERATURE  SURVEY  mt 
ID  TEMP  ID  TEMP  ID  TEMP  10  TEMP  10  TEMP  10  TEMP  10  TEMP 
ANNULUS  1  2  1971,  6  991,  IS  1439,  19  1122,  24  1416,  27  1311,  36  1883, 

ANNULUS  2  4  1139,  7  979,  16  1479,  21  1223,  29  1247,  34  1893,  37  974, 

ANNULUS  3  9  911,  14  1269,  17  1268,  22  1213.  2«  998,  39  699,  39  999, 

LEFT  SIOE  •••  AIR  INLET  TUBE  CONDITIONS  •••  RIGHT  BIOS 

TOTAL.  PRESSURE  94,48  PSIA  TOTAL  PRESSURE  94,49  PSIA 

STATIC  PRESSURE  94,99  PSIA  STATIC  PRESSURE  84,27  PSIA 

VELOCITY  OELTA  P  ,72  *M6  VELOCITY  DELTA  P  ,48  •MS 

AIR  TEMPERATURE  392.  OEG  P  AIR  TEMPERATURE  392.  DCS  P 

AIR  VELOCITY  134,99  PT/SEC  AIR  VELOCITY  199,91  PT/SEC 

DIFFERENTIAL  PRCSSUREI  ((LEFT  P.TOTAL)* (RIGHT  P-TOTAUJ  *,177  •Mi 

AIR  PLOM  OATAf  P»REP*  194,7  PSIA  OELTA  Pa  2,39  *N6  TtREPi  193,  OEG  P 

FUEL  SYSTEM  OATAI 

FUEL  P/N  FREQUENCY  384,  MI  VOLUMETRIC  FlOn  RATE  19,47  SAL/NR 

FUEL  PRESSURE  AT  P/N  119,9  PSIA  FUEL  TEMP  AT  P/M  91,  OEG  F 

*♦  MISCELLANEOUS  TRANSDUCER  READINGS  M 
MANIPOLO  AVERAGE  SuRNER  OUTLET  TOTAL  PRESSURE  99.79  PSIA 
CONSuSTOR  OUTER  CASE  STATIC  PRESSURE  93,92  PSIA  (XOuCER  •  It) 

SURME9  DIFFERENTIAL  TOTAL  PRESSURE  7,39  *MG  (SOuCIR  •  13) 


•  CHEMICAL  ANALYSIS  RESULTS  • 

sab  samples  Taken  in  plane  ni 

COS  2,199  t  02  19,999  S  CO  199,9  PPM  CMS  19,9  PPM 

NO  7,9  PPM  NOS  9,7  PPM  NOX  19,7  PPM  (NO(NOIR)  •  NOS(NOUV)) 

NO  0,7  PPM  NOt  9,4  PPM  NOX  18,1  PPM  (  CMEMlLUMlNEtCERCC  ) 

EMISSIONS  INOEI,  LO/1999  LS  PuEl«  CO*  19,99  CNXR  1,91 

CnCNILUMInESCEnCI  NOX*  2,49,  NOIR  ♦  NOW  NOXi  2,99 

CALCULATED  PUtL/AIR  RiMO  PROM  COMICAL  ANALYSIS  I  ,*19414 

CALCUvATEO  COMBUSTION  (PPlCtENCT  PROM  CHEMICAL  ANALY9IBI  •9,3974  I 
CnCCK  DM  P/A  RATIO*  P/A  •  ,919499  8/0  09,  CALCULATED  09  •  17,999  X 


SHORE  INOEII  .00 

tALUNAM  NOX  •  19.1  PPM  £.Z.  A  SI 


Figure  mo.  Final  !hrecha*ber  Liner  Modification  *0”  on  Wall  Fuel 
Fll*  Injection  at  Monregenerative  10%  Power- 

Suu 


T63  COMBUSTOR  EXPERIMENTS  •  RIG  8/U  74,  TEST  SERIES  92,  READING  •  1B2B 
TSS  PINAL  PRECMAMdER  •  NOD  "0"  -  RUN  AT  STD  T83  INLET  CONDITIONS, 

TEST  OATEt  8-24-72  READING  WAS  TAKEN  AT  tASSItS  HOURS 

CYCLE  POINT  1  18  X  POWER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  PLOW  1,849  L&/SEC  AV6  BURNER  INLET  TEMP  311,  OEG  P 

AVG  BURNER  INLET  PRES  44.2  PSlA  AVG  BURNER  OUTLET  TENP  1826,  DEG  P 

AVG  BURNER  DELTA  P  9,92  "H6  PRESSURE  LOSS  6.14  X 

OVERALL  P/A  RATIO  ,81699  CP/ M)  FUEL  PLOW  RATE  73,83  LB/HR 

AIR  LOAO  FACTOR  1,1324  PATTERN  FACTOR  ,91944 

90T  NOT  SPOT  I  *  16  •  1397,  OEG  P  MAX  BOT  /  AVG  NOT  1.3618 

FUEL  INLET  TEMPERATURE  99,  OEG  P  FUEL  INLET  PRESSURE  49,9  PSIA 

NEAT  LOADING  PARAMETER  ,299l6E«97  BTU/HOUR/ATM/CUBIC  FOOT 

••*•  burner  outlet  temperature  SURVEV  1**1 

ID  TEMP  10  TEMP  10  TEMP  10  TEMP  10  TEMP  10  TEMP  10  TEMP 
ANNULUS  1  t  92S,  9  899.  19  1389,  19  1923,  24  1989,  27  1999,  38  1147, 

ANNULUS  2  4  1999,  7  939,  18  1397,  21  978,  28  983,  34  999,  37  1142. 

ANNULUS  3  9  999.  14  1144,  17  1231.  22  938,  28  947,  39  992,  39  894, 

LEFT  S10E  •••  AIR  INLET  TUBE  CONDITIONS  tt*  RIGHT  SIDE 

TOTAL  PRESSURE  44,14  PSIA  TOTAL  PRESSURE  4*.  17  PSIA 

STATIC  PRESSURE  43,99  PSIA  STATIC  PRESSURE  43,99  PSIA 

VELOCITY  DELTA  P  ,99  "MG  VELOCITY  DELTA  P  ,99  -MG 

AIR  TEMPERATURE  399,  OEG  P  AIR  TEMPERATURE  391,  OEG  P 

AIR  VELOCITY  129,71  PT/SEC  AIR  VELOCITY  139.99  PT/SEC 

DIFFERENTIAL  PRESSURE!  I  (LEFT  P-TOTAL)* (RIGHT  P-TOTALll  -,938  -NS 

AIR  PLOW  DATA!  P-RIP4  194,7  PSIA  DELTA  P*  1,99  *N8  t.||F*  t«2,  OEG  P 

FUEL  SYSTEM  OATAI 

FUEL  F/H  FREQUENCY  276,  *1  VOLUMETRIC  Pw'»W  RATE  11,77  GAL/MR 

FUEL  PRESSURE  AT  P/m  129,7  PSIA  FUEL  T£mp  aT  P#n  SB,  OEG  7 

••  MISCELLANEOUS  TRANSDUCER  REAOInSS  •• 

MANIPOlO  AVERAGE  GARNER  OUTLET  total  PRESSURE  41,44  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  4S.S3  PSIA  (XOUCfR  R  111 

BURNER  OIPPERCnTIAL  TOTAL  PRESSURE  9.4S  *MS  (lOOCtR  R  IS) 

*  CHEMICAL  ANALYSIS  RESULTS  » 

SAS  samples  TARIM  IN  PLANE  91 


COR 

t,sss 

X 

02 

IS.2SS  1 

CO 

429,1 

PPN 

CMX  98,9  PPN 

NO 

7*S 

RRN 

N02 

9.7  PPN 

NOI 

1G*7 

PPN 

(NO(NOt»)  •  MOt (NOUV)t 

NO 

3,2 

PPN 

NOt 

9,1  PPR 

NOI 

13,9 

PPN 

t  CNENlLURtNllClNCC  ) 

EMISSIONS  INDEX,  Li/lSSS  L»  PUfLI  CO*  37, S3  CM*  tl,SS 

chemiluminescence  nox*  t,ss,  Nets  *  nouv  noi*  2, as 

CALCULATED  PU(L/A!t  RATIO  PROM  CHEMICAL  AMAltSIH  ,S1S12S 

CALCULATED  COMBUSTION  EPFtClENCT  PROM  CHEMICAL  ANALTSISi  S7.7ISI  I 
CHECK  ON  P/A  RATIO*  P/A  •  ,StSl7S  W/0  02,  CALCULATED  02  •  tS,t»f  t 


•nor;  INDEX  I  .01 

ialtiman  -ox  *  12.4  PPN  £T,  /.** 


Figure  3H1.  Final  Prechaaber  Liner  Modification  "0*  on  Wall  Fuel 
Fib*  Injection  at  Nonregenera five  25%  Power. 


T63  COMBUSTOR  EXPERIMENTS  *  RIS  B/U  74,  TEST  SERIES  92,  READING  *  1082 

T63  FINAL  PRECHAMBER  •  MOO  "0"  -  RUN  AT  STO  T6S  INLET  CONDITIONS, 

TEST  DATEt  8*28.72  READING  NAS  TAKEN  AT  1453143  HOURS 

CYCLE  POINT  9  40  X  POMER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  FLOW  2,557  LS/SEC  AVG  BURNER  INLET  TEMP  396.  DEG  F 

AVG  BURNER  INLET  PRES  64,3  PSIA  AVG  BURNER  OUTLET  TEMP  1254,  DEG  F 

AVG  BURNER  DELTA  P  8,88  *HG  PRESSURE  LOSS  6,78  X 

OVERALL  F/A  RATIO  .01305  (F/M)  FUEL  FLOW  RATE  120,15  LB/HR 

AIR  LOAD  FACTOR  1,1632  PATTERN  FACTOR  .33691 

SOT  HOT  SPOT  1  *  16  *  1543,  DEG  F  MAX  BOT  /  AVG  BOY  1,2305 

FUEL  INLET  TEMPERATURE  J2,  DEG  F  FUEL  INLET  PRESSURE  60,4  PSIA 

HEAT  LOADING  PARAMETER  ,33341E*07  6TU/HQUR/ATM/CUBIC  FOOT 

****  BURNER  OUTLET  TEMPERATURE  SURVEY  »*** 

ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  1  2  1208,  6  1054,  15  1535,  19  1201,  24  1541.  27  1415,  36  1203, 

ANNULUS  2  4  1279,  7  1065,  16  1543,  21  1327,  25  1369.  34  1154.  37  1094, 

ANNULUS  3  5  1030.  14  1372,  17  1357,  22  1320.  26  1132.  35  1055,  39  1061, 

LEFT  SIDE  ***  AIR  INLET  TUBE  CONDITIONS  ***  RIGHT  SIDE 

TOTAL  PRESSURE  64,27  PSIA  TOTAL  PRES8URE  64,34  PSIA 

STATIC  PRESSURE  64,03  PSIA  STATIC  PRESSURE  64,04  PSIA 

VELOCITY  DELTA  P  ,49  "HG  VELOCITY  DELTA  P  ,61  "HG 

AIR  TEMPERATURE  396,  DEG  F  AIR  TEMPERATURE  396,  DEG  F 

AIR  VELOCITY  105,33  FT/SEC  AIR  VELOCITY  117.48  FT/SEC 

DIFFERENTIAL  PRESSURE!  t  (LEFT  P*TOTAL)*(RIGHT  P.TOTAL))  *,143  "HD 

AIR  FLOW  DATA!  P-REF*  103,6  PSIA  DELTA  P>  3,12  "HG  T-REF*  103.  DEG  F 

FUEL  SYSTEM  OATAI 

FUEL  F/M  FREQUENCY  443,  HZ  VOLUMETRIC  FLOW  RATE  19,39  GAL/HR 

FUEL  PRESSURE  AT  F/M  U2.5  PSIA  FUEL  TEMP  AT  F/M  92,  DEG  F 

••  MISCELLANEOUS  TRANSDUCER  READINGS  ** 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  59,94  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  63,29  PSIA  (XDUCER  *  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  8,81  "HG  (XOUCER  0  13) 

•  CHEMICAL  ANALYSIS  RESULTS  • 

GAS  SAMPLES  TAKEN  IN  PLANE  N1 


C02 

2,229 

X 

02 

17,700 

X 

CO 

129,4 

PPM 

CHX  4,4  PPM 

NO 

14, B 

PPM 

N02 

10,6 

PPM 

NOX 

25,4 

PPM 

[NO (NDIR)  *  N02 (NOUV) ] 

NO 

17.3 

PPM 

N02 

10,2 

PPM 

NOX 

27,5 

PPM 

(  CHEMILUMINESCENCE  ) 

EMISSIONS  INOEX,  LB/1000  LB  FUEL!  CO*  9,71  CHX*  ,62 

CHEMILUMINESCENCE  NOX*  3,39,  NDIR  *  NDUV  NOX*  3.13 

CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,016822 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  99,6534  X 
CHECK  ON  F/A  RATIO*  F/A  ■  ,010728  W/0  02,  CALCULATED  02  •  17,885  X 

SMOKE  INDEX!  .00 

SALTZMAN  NOX  •  PPM  £>r.»  4‘0Z 


Figure  342.  Final  Prechamber  Liner  Modification  "D"  on  Wall  Fuel 
Film  Injection  at  Nonregenerative  40%  Power. 
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T63  COMBUSTOR  EXPERIMENTS  •  RIO  B/U  74,  TEST  SERIES  92,  READING  ft  1923 
TBS  FINAL  PRECHAMBER  a  MOO  •D"  «  RUN  AT  STO  TBS  INLET  CONDITIONS, 

TEST  DATE!  Sa28«72  READING  NAS  TAKEN  AT  1820143  HOURS 

CYCLE  POINT  4  95  X  POWER  SETTING 


*****  EXPERIMENTAL 
BURNER  AIR  FLOW  2,748  LB/SEC 

AV6  BURNER  INLET  PRES  71,4  PSXA 
AV6  BURNER  DELTA  P  0,78  *HG 
OVERALL  F/A  RATIO  ,01468  (F/N) 

AIR  LOAD  FACTOR  1,1478 

BOT  HOT  SPOTS  ft  16  a  1600,  OEG  F 
PUEL  INLET  TEMPERATURE  03.  OEG  P 


CONDITIONS  ***** 

AV6  BURNER  INLET  TEMP  43B,  OEG  P 
AV6  BURNER  OUTLET  TEMP  13BI,  OEG  P 


PRESSURE  LOSS 
PUEL  FLOW  RATE 
PATTERN  FACTOR 
MAX  BOT  /  AVG  BOT 
FUEL  INLET  PRESSURE 


HEAT  LOADING  PARAMETER  ,36B89E*87  BYU/H0UR/ATM/CUBIC  FOOT 


8,07  X 

144,47  LB/HR 

,33454 

1.2304 

67,9  PSXA 


****  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 

10  TEMP  SO  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  fD  TEMP  10  TEMP 
ANNULUS  1  2  1342,  6  1154,  1$  1873,  19  1308,  24  1667,  27  15B9,  36  1332* 
ANNULUS  2  4  1485,  7  1173,  16  1809,  21  1430,  25  1511,  34  1235,  37  1232, 
ANNULUS  3  5  1150,  14  1522,  17  1514,  22  1457,  26  1285,  35  1164,  39  1106, 


LEFT  SIOE 
TOTAL  pressure 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


**«  AIR  INLET  TUBE  CONDITIONS  *** 
71,45  PSIA  TOTAL  PRESSURE 


71,86  PSIA 
,70  «HG 
430,  DEG  P 
129,10  PT/SEC 


STATIC  PRESSURE 
VELOCITY  DELTA  F 
AIR  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRESSURE!  { CLEFT  P-TOTAD- (RIGHT  P-TOfAL)J 


RIGHT  SIDE 
71,42  PSIA 
71,91  PSIA 
,82  ”HG 

430,  OEG  P 
131,31  FT/SEC 
,083  *HG 


AIR  FLOW  DATA!  P.REFa  102,8  PSIA  DELTA  pa  3.63  *HG  T-REFa  101,  QEIT  F 


FUEL  SYSTEM  DATA! 

FUEL  F/M  FREQUENCY  533,  HZ 

FUEL  PRESSURE  AT  P/H  181,4  P8IA 


VOLUMETRIC  FLOW  RATE  23,33  GAL/HR 
FUEL  TEMP  A?  F/M  93,  DtO  F 


*•  MISCELLANEOUS  TRANSDUCER  READINGS-  to 

manifold  average  burner  outlet  total  fressure  66.87  psxa 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  78,21  PSIA 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  9,*3  "MG 


(XDUCER  ft  11) 
(XDUCER  ft  IS) 


•  CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SAMPLE!  TAKEN  IN  PLANE  ftl 


C02 

2,478 

X 

02 

17,488 

2 

CO 

NO 

26.3 

PPM 

N02 

14,7 

PPM 

NOX 

NO 

87,8 

PPM 

NOS 

11.  f 

PPM 

NOX 

EMISSIONS  XNOEXi  LB/1E8B  LB  PUEL!  COa 
CHEMILUMINESCENCE  NOXt 


158,/  PPM  CHX  ,7  PPM 

46,8  PPM  (NO(NOIR)  ♦  N02(NPUV11 
39.2  PPM  (  CHEMILUMINESCENCE  ) 
IB. S3  CHX*  ,87 

4,33,  NDIR  ♦  NO UV  NOXa  4,41 


CALCULATED  PUEL/AXR  RATIO  PROM  CHEMICAL  ANALYSIS!  ,011078 

CALCULATED  C0M8U8TI0N  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  00,8700  X 
CHECK  ON  F/A  RATIO*  P/A  t  ,811008  N/0  02,  CALCULATED  02  a  17,839  2 

SMOKE  INOEX!  .£0 

ex « 4.zi 


Figure  343.  Final  Prechamber  Liner  Modification  "D"  on  Wall  Fuel 
Film  Injection  at  Nonregenerative  55%  Power. 
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TS3  COMBUSTOR  EXPERIMENTS  •  RIO  6/U  7i,  TESY  SCRIES  92,  READING  «  1024 

T63  FINAL  PRECHAMBER  •  MOD  "D»  -  RUN  AT  STO  TS3  INLET  CONDITIONS, 


TEST  DATE!  8-28-72 

READING  MAS  TAKEN 

AT 

1541127 

HOURS 

CYCLE  POINT  3 

73  X 

POPER  SETTING 

• 

«*• 

*  EXPERIMENTAL 

CONDITIONS  ***** 

BURNER  AIR  FLOM 

2.955 

lb/sec 

AVG  BURNER  INLET 

TEMP  472, 

DEG  F 

AVG  BURNER  INLET  PRES 

61.4 

PSIA 

AVG  BURNER  OUTLET 

TEMP  1551, 

OEG  F 

AVG  BURNER  DELTA  P 

12,28 

*HG 

PRESSURE  LOSS 

6,15 

X 

OVERALL  F/A  RATIO 

t 

01636 

(F/M) 

FUEL  FLOM  RATE 

176,20 

LB/HR 

AIR  LOAD  FACTOR 

1 

.1079 

PATTERN  FACTOR 

,45571 

BOT  HOT  SPOT  1  •  IS 

« 

2043, 

OEG  F 

MAX  BOT  /  AVG  BOT 

1,3170 

FUEL  INLET  TEMPERATURE 

93, 

DEG  F 

FUEL  INLET  PRESSURE 

79,2 

PSIA 

MEAT  LOADING  PARAMETER 

,38S13E«07  BTU/ HOUR /ATM /CUBIC  FOOT 

<***• 

BURNER  OUTLET  TEMPERATURE  SURVEY  **** 

ID  TEMP 

10 

TEMP 

10  TEMP 

10  TEMP  10  TEMP 

ID 

TEMP  10 

TEMP 

ANNULUS  1  2  1480, 

fi 

1305, 

IS  1976. 

19  I486,  24  1789, 

27 

1465,  36 

1671, 

ANNULUS  2  4  1462, 

7 

1337, 

16  2043, 

21  1495,  29  1455. 

34 

1612,  37 

1834. 

ANNULUS  3  9  1271, 

14 

1844. 

17  1778, 

22  1484,  26  1311, 

35 

1495,  39 

1358, 

left  SICE 

*** 

AIR  : 

inlet  tube 

:  CONDITIONS  *•« 

RIGHT  SIDE 

TOTAL  PRESSURE 

81,35 

PSIA 

TOTAL  PRESSURE 

61,50 

PSIA 

STATIC  PRESSURE 

Jl.07 

PSIA 

STATIC  PRESSURE 

81,01 

PSIA 

VELOCITY  DELTA  P 

.59 

*HG 

VELOCITY  DELTA  P 

.99 

"HG 

AIR  TEMPERATURE 

472. 

OEG  F 

AIR  TEMPERATURE 

472. 

OEG  F 

AIR  VELOCITY 

106,62 

FT/SEC 

AIR  VELOCITY 

139,61  1 

"T/SEC 

oifferehyial  pmesjurei 

((LEFT  F-TOTAD-CRIOMT  P-TOTAL)) 

-.290 

"MG 

AIR  FLOW  OAYAI  F-REF* 

102,4 

PSIA  DELTA  P*  4,22  "HG 

T-REF*  101, 

OEG  F 

FUEL  SYSYEM  OAYAI 

FUEL  F/M  FREQUENCY 

092, 

HZ 

VOLUMETRIC  FLOP  RATe 

26,46  1 

SAL/MR 

FUXL  PRESSURE  AT  F/M 

114,4 

PSIA 

FUEL  TENF  AT  F/M 

94, 

OEG  F 

**  MISCELLANEOUS  TRANSDUCER  READINGS  ** 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  76,42  PS1A 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  80,04  PSIA  tXDUCER  «  U) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  10, 05  "HG  (XDUCIR  »  13) 

*  CHEMICAL  ANALYSIS  RESULTS  * 

SAS  SAMPLES  TAKEN  IN  PLANE  #1 


C02 

3,024  X 

Q2 

16,680 

X 

CO 

186,7 

PPM 

CMX  ,2  PPM 

NO 

40,8  PPM 

N02 

16.0 

PPM 

NOX 

57,4 

PPM 

(NO(NCIR)  *  N02(N0UV)1 

NO 

39,2  PPM 

NOB 

11. F 

PPM 

NOX 

SB, 9 

PPM 

t  CHEMILUMINESCENCE  ) 

EMISSIONS  INOEX,  LB/1003  LB  FUELI  CO*  9,30  CHX*  ,82 

CHEMILUMINESCENCE  NOX*  4,96,  NOZR  ♦  NDUV  NOXe  S,6S 

CALCULATE'  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSISI  ,114824 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSISI  99,7346  X 
CHECK  ON  F/A  RATIO-  F/A  *  ,614336  ta/O  02,  CALCULATED  02  ■  16,663  X 

SMOKE  INDEX!  . CO 

SALTZMAM  NOX  fpm  £.r.  *  6.49 


Figure  344.  Final  Prechamber  Liner  Modification  "D"  on  Wall  Fuel 
Film  Injection  at  Nonregenerative  7596  Power. 
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The  vaporizer  tube  centerbody  in  the  Prechamber  Modification  "D” 
combustor  permitted  a  significant  reduction  in  hydrocarbons.  As  can 
be  seen  in  Figure  345,  the  CxHy  concentrations  from  the  Prechamber 
combustor  are  all  lower  than  those  from  the  conventional  liner. 
Carbon  monoxide  emissions  were  reduced  slightly  more  in  Modification 
"D" ,  Figure  346,  but  the  NOx  concentrations  seen  in  Figure  347 
definitely  increased  over  the  Modification  "C"  emission  concentra- 
»  tions.  The  CO  vs  N0X  curve  for  the  Prechamber  Modification  ”D", 

Figure  348,  is  quite  similar  to  the  previous  configuration. 

Smoke/particulates  from  Modification  "D"  were  zero.  This  is  the 
.  only  configuration  of  a  "Final  Prechamber  Combustor"  that  produced 

no  smoke.  Temperature  profile,  however,  remained  a  significant  prob 
lem,  see  Figure  350.  In  no  Final  Prechamber  configuration  did 
wall  fuel  film  operation  produce  an  exhaust  profile  comparable  to 
pressure  atomizer  operation  or  to  the  "Preliminary  Prechamber  Com¬ 
bustor",  which  used  wall  fuel  film  injection. 

Using  extrapolated  100%  power  emission  concentrations  when  no  test 
data  were  available,  the  Final  Prechamber  Modification  "D"  combustor 
was  seen  to  prodice  47%  less  total  emissions  than  the  conventional 
T63-A-5A  combustor  over  the  LOH  duty  cycle  and  allowed  no  increase 
in  any  constituent  emission.  Even  though  this  combustor  fell  3% 
short  of  the  50%  emission  reduction  goal,  its  elimination  of  smoke 
and  reduction  of  each  constituent  emission  make  it  the  "best"  wall 
fuel  film  Prechamber  combustor  of  the  Final  Prechamber  configura¬ 
tions  . 

A  summary  of  five  Final  Prechamber  combustors  operated  on  wall  fuel 
film  is  presented  in  Table  LXXXII.  It  is  clear  that  the  rich 
operation  of  the  Initial  Design  and  Modification  "A"  produced  low 
hydrocarbon  and  carbon  monoxide  but  high  smoke.  Modifications  "B", 
"C",  and  "D",  however,  produced  almost  no  smoke,  with  their  more 
lean  reaction  zone  and  vaporizer  section,  but  suffered  from 
increased  hydrocarbons  and  carbon  monoxide. 
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Hydrocarbons  as  C~Hp  -  PPM 


Figure  345.  Nonregenera tive  T63-A-5A  Combustor 

Hydrocarbon  Emission  Data  Comparison  for 
Extended-Length, Final- Design, Prechamber 
Combustor  Modification  WDW  Operating  on  Wall 
Fuel  Film  Injection  and  Baseline  T63  Combustors. 
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Carbon  Monoxide  -  PPM 


i - 1 - i - j — . — : - 1 _ i _ i _ i _ i _ tZ 
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Percent  Output  Horsepower 


Figure  346.  Nonregeneratlve  T63-A-5A  Combustor 

Carbon  Monoxide  Emission  Data  Comparison  for 
Extended-Length, Final  Design, Prechamber  Combustor 
Modification  "D"  Operating  on  Wall  Fuel  Film 
Injection  and  Baseline  T63  Combustors. 
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Figure  347.  Nonregenerstive  T63-A-SA  Combustor 

Nitrogen  Oxides  Emission  Date  Comparison  for 
Ex tended- Length, Final-Design,  Prechamber  Combustor 
Modification  "Dw  Operating  on  Wall  Fuel  Film 
Injection  and  Baseline  T63  Combustors. 


Carbon  Mono*  l<ie  *  PPM 


1  2  3  MS  10  HI  30  VO  100  200  300 
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Figure  3HS.  Nonregenerative  T63-A-SA  Combustor 

Carbon  Monoxide  VS  Nitrogen  Oxides  Emission  Data 
Comparison  for  Extended- ?,ength,  Final-Design, 

Pre  chamber  Combuator  Modification  "D"  Operating 
on  Wall  Fuel  Film  injection  and  Baseline  T63 
Combustors. 
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Stroke  Nuaber  (SAE  ARP  1179  Procedure) 


Figure  3^9.  Nonregenera tive  T63-A-SA  Combustor 

Smoke  Dare  Comparison  for* Extended* Length  , 
Final-Uesign,Pre chamber  Combustor  Modification  "0" 
Operating  on  Wall  Fuel  Film  Injection  and 
Baseline  T63  Combustors. 


SSM 


X  1.24 


O  Conventional  Liner 
Q  Lx  tended “Length  Liner 
O  Prechamber  Liner,  M»h! 


0  10  20  30  40  5C  60  70  80  90  10 
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Figure  3 SO.  Nonregenera tive  T63-A-SA  Combustor 

Temperature  Profile  Data  Comparison  for 
Extended**  Length,  Final-Design,  Prechamber 
Combustor  Modification  •*D**  Operating  on  Wall 
Fuel  Film  Injection  and  Baseline  T63  Combustors 


TABLE  LXXXII.  EMISSION  INDEX  SUMMARY  FOR  T63  BASELINE  AND 
FINAL  PRECHAMBER  COMBUSTORS 


Combustor  Tested 

Vy 

CO 

NQx 

Particu¬ 

lates 

Total 

Emissions 

EMISSION  INDEX  (lb/1000  lb  fuel) 

*  Baseline 

1.544 

26.094 

S.068 

.239 

32.94S 

*  Final  Prechamber- 
Wall  Fuel  Film 

Initial 

.126 

13.247 

4.732 

,337 

18.442 

Mod.  HA" 

.176 

10.910 

4.378 

.274 

15.738 

Mod.  "B" 

2.077 

13.810 

4.092 

.022 

20.001 

Mod.  "C" 

2.119 

12.834 

3.670 

.007 

18.630 

Mod.  "0" 

1.033 

11.947 

4.S84 

.000 

17.56*4 

RELATIVE  EMISSION  INDEX  (X) 

*  Baseline 

100 

100 

100 

100 

100 

“  Final  Frechaatber- 
Will  Fuel  Film 

Initial 

8 

51 

93 

141 

56 

Mod.  **A* 

11 

86 

11S 

48 

Mod.  "i* 

135 

53 

81 

9 

61 

Mod.  "C* 

137 

49 

72 

3 

57 

Mod.  ”0" 

67 

46 

90 

0 

53 

Mod.  "D 


90 


0 


53 


APPENDIX  IV 

DESIGN  AND  EXPERIMENTAL  RESULTS  OF  THE  FINAL,  MODIFIED 
_ CONVENTIONAL  LOW-EMISSION  COMBUSTORS _ 

Two  final  combustor  configurations  were  selected  from  the  test 
results  of  the  seventeen  preliminary  combustors  evaluateo  during 
the  first  part  of  Task  3.  These  two  final  combustors  were  identi¬ 
fied  as  the  "Final  Prechamber  Combustor  Liner"  and  the  "Final  Modified 
Conventional  Combustor  Liner".  Reported  in  this  appendix  is  the 
"Final  Modified  Conventional  Combustor  Liner". 

mm 

Four  preliminary  low-emission  combustor  concepts  which  demonstrated 
effective  emission  reductions  were  incorporated  into  the  "Final 
Modified  Conventional  Combustor  Liner".  The  Modified  Conventional 
Combustor  concept  was  envisioned  as  the  inclusion  cf  current-tech- 
nology  emission  abatement  techniques  into  the  basic  envelope  of  the 
Conventional  T63-A-SA  combustor  liner.  The  axial  length  of  the 
Modified  Conventional  combustor  was  maintained  equal  to  the  conven¬ 
tional  combustor,  as  were  the  liner  dome,  ignition  system,  primary 
zone  section,  and  axial  cross  sections.  The  emission  abatement 
concepts  added  to  the  conventional  combustor  were  the  following; 

•  Convection  cooling  of  the  primary  zone. 

•  Delayed  dilution. 

•  Variable  dilution  geometry. 

•  Air-blast  fuel  injection. 

The  first  three  of  these  concepts  when  incorporated  into  the  Conven¬ 
tional  Tf»3-A-SA  combustor  liner  resulted  in  the  initial  design 
Modified  Conventional  combustor  liner  shown  in  Figure  3SI.  In  this 
design,  the  variable-geometry  dilution  band  was  fabricated  for  two 
geometry  settings*  The  "closed"  setting  was  a  set  of  six  1.04 7- inch* 
diameter  holes  which  distributed  the  liner  flow  splits  in  the  same 
proportion  as  the  flow  splits  in  the  Conventional  T63  combustor.  In 
this  setting,  the  maximum-power  primary-tone  equivalence  ratio  was 
0.77,  and  the  emission  reducti  ns  obtained  relied  upon  the  primary- 
zone  convection  cooling  atr*  the  delayed  dilution*  The  second  dilution 
geometry  setting  injected  dilution  sir  through  a  set  of  1.37-inch- 
square  holes.  This  setting  repeated  the  flow  splits  in  the  regenerative 
T63  combustor  and  was  intended  for  use  at  regenerative  conditions. 

The  "Modified  Conventional  Initial  Design  Combustor"  produced  low 
total  emissions,  but  NO*  and  particulates  were  above  the  Conventional 
T63  levels.  The  initial  design  was  reworked  into  Modification  "A" 
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Figure  3SI.  Final  Low~Emission  Modified  Conventional  Combustor 
Liner,  Initial  Design. 


in  an  attempt  to  reduce  the  N0X  and  particulates.  The  single  change 
that  was  made  was  a  rework  of  rhe  dilution-zone  variable-geometry 
section.  First  the  dilution  holes  were  moved  2.00  inches  upstream 
from  their  initial  axial  location  (2.10  inches  from  the  end  of  the 
liner)  to  the  location  of  the  Conventional  T63  combustor  dilution 
holes  (4.10  inches  from  the  end  of  the  liner).  This  location  still 
retained  some  delayed  dilution,  as  the  trim  air  in  the  Conventional 
Liner,  which  is  injected  through  a  row  of  holes  located  an  additional 
1.25  inches  upstream  of  the  dilution  holes,  was  combined  with  the 
dilution  air  at  the  dilution  hole  axial  location.  The  dilution  holes 
were  redesigned  into  a  set  of  six  1.22- inch-square  holes  with  0  41- 
inch-radius  rounded  corners.  A  photograph  of  the  Modified  Conven¬ 
tional  Modification  "A”  combustor  is  shown  in  Figure  352. 

A  lack  of  variable-geometry  effectiveness,  which  was  experienced 
during  the  testing  of  the  Modification  "A”  combustor,  was  found  to 
have  resulted  from  the  seizing  of  the  dilution  slip  band  and  then 
the  severe  bending  of  the  variable-geometry  actuator  tabs.  The 
deformation  of  the  actuator  tabs  can  be  seen  in  Figure  352.  The 
emission  results  were  greatly  increased  over  those  from  the  initial 
design,  since  a  reduction  in  total  emissions  of  only  26%  was  realized. 
The  poor  performance  was  due  ir  part  to  the  low  pressure  loss  and 
the  insufficient  mixing  and  recirculation  resulting  from  this  low 
loss. 

Modification  "B"  of  the  "Final  Modified  Conventional  Combustor  Liner" 
was  the  refin. ng  of  the  concepts  in  Modification  "A”  plus  the  change 
from  a  standard  T63  pressure  atomising  fuel  injector  to  an  air-blast 
pressure  atomising  fuel  injector,  which  had  been  evaluated  in  the 
preliminary  low-emission  combustor  concent  tests  In  addition  to 
the  fuel  injector  change,  the  dilution  variable-geometry  section  was 
replaced  with  new  hardware  which  improved  rhe  mechanical  operation 
of  the  slip  band  and  strengthened  the  actuator  tabs.  To  increase 
the  pressure  loss  and  improve  mixing  and  recirculation,  the  primary 
zone  and  dilution  zone  holes  were  reduced.  The  primary  zone  holes 
were  reduced  from  0.610  inch  diameter  to  0.500  inch  diameter,  and 
the  dilution  holes  were  reduced  from  six  l . 22-inch»*quare  holes 
with  0.41-inch-radius  corners  to  four  1.22- inch  by  l. 41-inch  holes 
with  0.4l-ioch-ratlius  corners.  The  four  dilution  holes  were  fabri¬ 
cated  on  a  basis  of  six  holes;  each  pair  of  holes  was  adjacent  to 
the  inlet  air  from  the  two  engine  feed  arms.  An  external  view  of 
the  Modified  Conventional  Modification  "8"  combustor  liner  is 
presented  in  Figure  353  and  an  internal  view  in  Figure 

The  mechanical  operation  of  the  Modification  "8"  variable-geometry 
dilution  slip  band  proved  to  be  quite  satisfactory,  snd  four 
different  geometry  settings  were  used  during  the  rig  testing: 

0%,  28%,  50%,  and  71%  closed.  The  28%  closed  setting  corresponded 
to  the  "nonregenerative"  setting,  duplicating  the  Conventional  T63 
combustor  flow  splits.  The  0%  closed  setting  corresponded  to  the 
"regenerative"  liner  flow  splits. 
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Modified  Conventional  Combustor 


Figure  354.  Final  Low-Emission  Modified  Conventional  Combustor 
Liner,  Modification  "B"  -  Internal  View. 


Reproduced  from 
best  available  copy. 
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Modification  "B"  was  the  final  configuration  in  the  "Final  Modified 
Conventional  Combustor  Liner"  series  on  this  contract.  With  two  dilu¬ 
tion  geometry  settings,  2896  closed  at  low  power  conditions  and  5096 
closed  at  the  high  power  conditions,  Modification  "B"  reduced  total 
emissions  5196  over  the  LOH  duty  cycle  when  compared  to  the  Conven¬ 
tional  T63-A-5A  combustor  emissions.  All  constituent  emissions  were 
reduced  except  particulates,  which  were  2596  above  the  Conventional 
T63  baseline  levels.  Compared  to  the  particulates  measured  from  a 
Conventional  T63  combustor  in  the  second  baseline  retest,  the  Modi¬ 
fied  Conventional  Modification  "B"  combustor  particulates  were  7396 
lower. 

The  detailed  emissions  and  combustor  performance  results  for  the 
Modified  Conventional  combustors  are  presented  in  the  next  section 
of  this  appendix. 

TEST  RESULTS 

The  testing  procedure  followed  for  the  final  combustor  configurations 
is  shown  in  the  schematic  in  Figure  355.  The  two  final  configura¬ 
tions,  Modified  Conventional  and  Prechamber,  were  fabricated  and 
instrumented  with  skin  thermocouples.  Each  was  tested  at  T63  non- 
regenerative  conditions  and  lean  blowout  was  determined.  After  the 
data  were  analyzed  and  the  duty  cycle  emission  index  values  were 
computed,  the  liners  were  either  modified  and  the  nonregenerative 
tests  rerun  or  the  final  modifications  were  tested  at  T63  regenerative 
conditions,  ambient  startup  conditions,  and  a  set  of  parametric  condi¬ 
tions.  The  final  set  of  tests  was  performed  on  Modification  "B"  of 
both  final  design  configurations. 

Emissions  and  combustor  performance  data  for  all  three  modifications 
of  the  Final  Modified  Conventional  combustor  liner  were  recorded  at 
various  dilution  geometry  settings  and  each  of  the  six  T63  non¬ 
regenerative  operating  conditions.  In  addition  to  the  automatic  data 
acquisition  instrumentation  read  for  each  low-emission  combustor 
tested,  a  set  of  three  skin  thermocouples  was  attached  to  the 
Modified  Conventional  combustors  as  indicated  in  Figure  356.  Tem¬ 
peratures  from  these  thermocouples  were  manually  recorded  at  each 
data  point  for  the  initial  design  and  Modification  "A".  Mechanical 
failure  of  the  thermocouple  leads  inside  the  convection  cooling  shell 
prevented  the  acquisition  of  any  skin  temperatures  from  the  Modifica¬ 
tion  "B"  testing. 

The  following  sections  present  the  test  results  from  the  Final 
Modified  Conventional  combustor  tests. 

Initial  BsaJjm 

The  Final  Modified  Conventional  Initial  Design  combustor  liner 
incorporated  two  dilution  geometry  settings.  The  "open"  setting 
was  a  set  of  six  1. 3 7- inch- square  holes,  which  enriched  the  primary 
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Figure  355.  Program  Plan  for  Testing  Final  Combustors. 


564 


zone  to  stoichiometric  conditions  at  the  nonregene rative  feel-air 
ratio  at  maximum  power.  This  open  setting  was  intended  as  the 
regenerative  operating  condition  setting  for  the  combustor.  The 
closed  setting  was  obtained  by  moving  the  dilution  slip  band  until 
dilution  air  was  injected  through  the  set  of  six  1.047 -inch  diameter 
holes.  This  closed  setting  was  intended  as  the  nonregenerative 
operating  condition  setting  for  the  combustor.  During  the  non¬ 
regenerative  tests,  data  were  taken  for  both  dilution  settings  for 
power  settings  up  through  55%  power.  Only  closed  setting  data 
were  recorded  for  the  75%  and  100%  conditions  because  of  the  very 
poor  exhaust  temperature  profile  produced  with  the  open  dilution 
setting. 

The  detailed  combustor/test  rig  data  sheets  from  the  "Final  Modified 
Conventional  Initial  Design  Combustor  Liner"  nonregenerative  tests 
are  presented  in  Figures  357  through  366.  A  summary  of  the 
emission,  pressure-loss,  and  temperature -pro file  data  is  listed 
in  Table  LX)0(III  for  both  dilution  geometry  settings  of  the  Modi¬ 
fied  Conventional  combustor.  Pressure  losses  for  the  closed 
setting  of  the  Modified  Conventional  liner  compare  quite  favorably 
with  the  Conventional  T63  liner  pressure  loss  values. 

The  constituent  emissions  for  the  nonregenerative  test  of  the 
Modified  Conventional  combustor  liner  are  compared  with  the  Conven¬ 
tional  T63  combustor  liner  and  the  Preliminary  Low-Emission  Extended- 
Length  Concept  combustor  liner  in  Figures  367  through  371.  Both 
dilution  geometry  settings  of  the  Modified  Conventional  combustor 
reduced  the  hydrocarbon  emissions  to  a  very  low  level,  as  can  be 
seen  in  Figure  367.  These  emissions  were  even  significantly  below 
the  Ex  tended -Length  liner  concentrations.  The  carbon  monoxide 
emissions,  from  the  Modified  Conventional  combustor  liner.  Figure 
366,  were  also  reduced  to  a  very  low  level,  especially  in  the 
dilution  closed  position.  Total  nitrogen  oxides  for  the  Modified 
Conventional  combustor  were  higher  than  for  the  Conventional  T63 
combustor,  especially  at  the  higher  power  settings,  see  Figure  369. 
The  H0X  concentrations  closely  paralleled  the  levels  produced  by 
the  Extended -Length  liner.  The  CO  vs  N0X  tradeoff  curves  in 
Fiffire  370  clearly  show  the  reductions  in  CO,  but  the  success  in 
these  reductions  wss  offset  by  the  NO*  increases.  Smoke/ 
particulates  for  the  Modified  Conventional  combustor  were  also 
higher  than  for  the  Conventional  T63  combustor  smoke  levels,  see 
Figure  371.  The  open  dilution  setting  gene re ted  very  high  smoke, 
even  at  the  low  power  settings. 

When  emission  index  values  for  the  LQH  duty  cycle  were  computed 
using  the  emission  constituent  concentrations  from  the  Modified 
Conventional  combustor  operating  in  tht  closed  dilution  setting, 
the  results  showed  a  reduction  in  total  emissions  of  SyJt,  compared 
to  the  Conventional  T63  combustor.  This  total  emission  reduction 
waa  accomplished  because  carbon  monoxide  mass  emissions  were  reduced 
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Final  Modified  Conventional  Liner*  Initial  Design, 
at  Nonregenerative  1091  Power  -  Open  Setting. 
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Figure  3S8.  Final  Modified  Conventional  Liner,  Initial  Design* 
at  No nre generative  10%  Power  •  Closed  Set  Ling. 
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MO  ,6  PPM  N02  .6  RRM  NOS  ,6  RRM  I  CHEHlLUHlMlSClHCl  ) 

(MISSIONS  ImOES,  L0/ltt6  LS  PuU»  CO*  18,31  CHS*  ,81 

CMEMILURINESCEnCI  NCSA  ,SS,  HOIR  ♦  MDUV  N01R  ».!• 


CALCULATED  PwEL/AtR  RATIO  PROP  CHEMICAL  ANALTSISl  .StUSS 

CALCULATED  COMSbttlON  EFFICIENCY  PROP  CHEMICAL  ANALTSISl  Ot.SSSS  I 
CHECK  OR  P/A  maTIO*  R/a  •  .SUStS  N/0  08.  CALCULATED  01  •  17*718  t 


SMOKE  l ROE* I  S*.04 

SALTZMAH  no*  a  i](|  RRR 


ir.< 


*******—****** ••*« 


Figure  3S9.  Final  Modified  Conventional  Liner,  Initial  Design, 
at  Monregeneratlve  2SK  Power  -  Closed  Setting. 
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T63  e>PFVlhtMS  -  RIG  3/u  46,  TEST  SERIES  95,  READING  •  7*9 

T6i  tcriEIft’  CONVENTIONAL  LINER  HIM  VARIABLE  GEOMETRY  OILUTION  ZONE* 
TEST  u  ATfc  1  6-P2-72  READING  NAS  TAKEN  AT  1943111  HOURS 


LYCLC  POINT  6 


VARIABLE  GEOMETRY  tf  S  CLOSkO 


29  X  PONER  SETTING 


ElRERlNEKTAt  CONDITIONS  *•••• 

BURNER  AIR  HO-  2.259  U9/SEC  AVG  BURNER  INLET  TERR  35*. 

*  vfc  BURNER  INLET  PRES  94.9  PSIA  AVG  BURNER  OUUtT  TEMP  HU. 


A » G  BURNER  CEUTA  P  4.11  "MG  PRESSURE  LOSS  3. ST 
OVERALL  A/*  RATIO  .P12P7  <f/P)  FUEL  FLOh  NATE  •7.04 
AIM  LOAD  FACTOR  1 .1742  PATTERN  FACTOR  .372S1 
BUT  moT  SPUTt  *  21  •  1946.  PEG  F  MAI  60T  /  AVG  COT  1.3*1* 
FUEL  INLET  TEMPERATURE  112.  DEG  F  FUEL  INLET  PRESSURE  S3*.* 


MEAT  LOADING  PARAMETER  ,3666SE*f7  BTU/NODN/ATM/CUSIC  FOOT 


DIG  F 
01*  P 
% 

l»/HR 


RSI  A 


*•#*  BUHNER  OUTLET  TEMPERATURE  SURVEY 


1C 

TEMP  10 

TCHP  ID 

TEMP 

10 

TEMP  ID 

TEMP 

ID 

TEMP  10 

TEMP 

ARMU.US 

1 

2 

12TB.  6 

*54.  19 

642, 

IS 

1213,  24 

si*. 

27 

*99.  3G 

11*7. 

AMMJLHS 

2 

4 

1*1*.  7 

949,  14 

1127, 

71 

1949,  *5 

*7*. 

34 

13*4,  37 

1174, 

ahMjluS 

3 

5 

911,  1* 

1A77.  17 

1942, 

22 

1397,  *6 

SS7. 

39 

1*23.  3* 

14*7, 

LEFT  SIOF 
TOTAL  PH?.  S  SUN  ft 
STATIC  PRESSURE 
VELOCITY  OELTa  F 
air  tkOPENATURT 
Aik  VELOCITY 


...  AIR  INLET  TUBE  CONDITIONS  ha 


54,69  PSIA 
94, 96  PS  I A 
.64  "MG 
352.  PEG  F 
126.65  FT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PtkRSURfl  {'LEFT  P* TOT AL)» fRl&NT  P*T0TAL)1 


SIGHT  tIOt 
84.89  PSIA 
S4.IG  PSIA 
,71  "NS 

39*.  Dt*  P 
133.17  FT/SIC 
•.***  «M» 


AIR  *LUM  DATA!  WRIT i  164,9  PSIA  DELTA  P«  9.31  «mG  T*RfF«  It.  Oft*  P 

Fuel  system  oatai 

FiifL  F/m  FRFOuiRCY  36B,  MI  VOLUMETRIC  PLOn  RATE  19.7*  GAL/MR 

FUEL  PRESSURE  AT  F/R  343.ll  PSD  Full  TEMP  AT  P/M  •*,  Oil  P 

•  «  MISCELLANEOUS  TRANSDUCER  READINGS  •« 

MAMFOLO  average  Burner  Outlet  TOTAL  PRESSURE  5t.lt  PIIA 

COMUSTOR  OUTER  L *Sf  STATIC  PRESSURE  93.4*  PIIA  (lOUCi*  •  ID 

•URNlH  OIPPERENTTAL  TOTAL  PRCSSURt  4 ,•!  ■MG  (lOUCi*  •  13) 

»  CHEMICAL  ANALYSIS  RESULTS  t 
GAS  samples  taken  )n  Plane  *i 

10}  k.H*5  T  G«  IS.tSP  I  CO  *14.1  PPM  CME  t.l  PPM 

»n  15,5  PPM  NUt  it, »  ppm  NOl  *3.7  PPM  (NC(NOIR)  ♦  NO*CNOVY>) 

NO  tE  PPR  ie»  ,9  PPM  NOX  ,S  PPN  |  CHCMlLUMlNftCtNei  I 

EMISSIONS  1*00,  L6/1P9P  LI  FuUl  CO*  17.37  CNX*  ,*7 

CMEMlU'MlNtSCf R«  NCI*  .9**  NOIR  *  NOUV  NQl*  4.4* 

CALLuLATfO  FUL/«Ih  RATIO  FROM  CM|RICAL  ANALYSIS*  .91 PSS4 

CalCul A YIO  CCMfUPtim.  EFFICIENCY  PROM  Chemical  ANALVSISI  99. 1994  I 
CHECK  ON  P/A  MAT  to*  F/A  •  .09449  P/0  0*.  CALCULATED  0*  •  17,911  « 

Smoke  IMOEH  4Esa 

*•<**  •  da ,*  w  f.f  >  y.it 


Figure  HQ.  Final  Modified  Conventional  Linar,  Initial  Design, 
at  No nre generative  2S%  Power  -  Open  Setting 
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U4  COf'HUSTfB  fXMFPJ-ENT*  -  NIG  P/U  4f ,  TEST  SERIES  65,  READING  ft  121 
Ttj?  hODIUED  CONVENTIONAL  LINER  HTh  VARIABLE  GEOMETRY  DILUTION  SOME, 
TEST  DATE!  6-2V-7?  REAOlNG  ft  AS  TAKEN  AT  1688229  HOURS 

CYCLE  POINT  5  VARIABLE  GEOMETRY  t  X  CLOSED  48  X  ROWER  SETTING 

MM*  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  Flo*  2,583  Lfe/SEC  Avb  SUMNER  INLET  TENR  396,  DEG  t 

AVG  BURNER  INLET  PRES  S3, 7  RSIA  AVG  BURNER  OUTLET  TERR  1293.  DEG  R 

AVG  BURNER  OELTA  R  A, 58  *NG  PRESSURE  LOSS  3,83  X 

Overall  p/a  ratio  ,iu2r  (f/>)  Fuel  plOr  RATE  I1S.8A  L!/h» 

AIN  LOAO  FalTuR  1,1497  PATTERN  FACTOR  ,4968# 

EOT  HOT  SRuTt  *  21  •  1047,  OEG  F  MAX  SOT  /  AVG  BOT  1,3334 

EuEL  INLET  TEMPERATURE  111,  OEG  P  FUEL  INLET  PRESSURE  890,1  RSI  a 

meet  LOADING  PARAMETER  . 40481 t*F7  8TL /HCUP/Af P/CU8IC  ROOT 

««*«  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 

ID  TEMP  If  TEMP  ID  TfMR  ID  TEMP  10  TEMP  *0  TEMP  ID  TERR 
An* ut uS  1  9  !3*M.  6  1875,  15  1892,  19  1334.  24  1923,  27  1882,  38  U44, 

ANNULUS  2  A  USB.  7  1094.  18  1134,  21  1897,  29  9*2.  34  1282.  37  1117, 

annum’*  3  5  1M7,  14  1240,  17  1124,  22  1479,  28  1188,  39  1288,  39  '.947, 

LEFT  SIDE  im  4 JR  INLET  TUBE  C0MUTI0N8  *** 

TOTAL  PRESSURE  03.69  PS1A  TOTAL  PRESSURE 

STATIC  PRESSURE  63.31  PSIA  STATIC  PRESSURE 

VUOCIIY  OHTA  F  .77  «N6  VELOCITY  DELTA  P 

AIR  TEMPERATURE  398*  OEG  F  Af R  TEMPERATURE 

AIR  VELOCITY  139.89  FT/SIC  AIR  VELOCITY 

ClFFtRkNUAL  MRfSSUPEi  tfttPT  P*TOTAL)*(RUnT  P*T0TAL)I 

AIR  FLO*  CAT  *  *  N-NEFft  1«4,2  PSIA  CELTA  Pp  2.97  "MG  T-RCFp  82.  0<6  7 

Full  SYSTEM  UATAI 

Fuu  P/N  PNEUUINCY  437.  M|  VOLUMETRIC  FLOP  RATI  18,13  lAl/MR 

FUEL  PRESSURE  AT  F/k  456,8  PflA  FutL  TEMP  AT  P/M  87,  068  P 

•*  MISCELLANEOUS  TRANSDUCER  N(#0lN8>  •• 

»-»»  tPOLU  AVt-AfiE  FIRMER  OUTLET  TCTAL  P»I8SUR|  81,48  PtlA 

CcnNUSTON  OUTER  C*St  STATIC  PRESSURE  82,81  P81A  (lOuCC*  •  |t) 

to* MEN  DIFFERENTIAL  total  PRESSURE  4,98  (XOuCIR  R  13) 

«  chemical  analysis  result*  < 

CAS  SAMPLES  TAKEN  IN  PLANE  R| 


CDV 

2.481  X 

t? 

17,888  t 

cc 

188,3 

PPM 

CM!  ,8  PPM 

M( 

33, t  ppm 

NTS 

24, t  PPM 

NCt 

87.9 

PPM 

tNO(N01«)  «  MOf(kOUV)) 

NC 

,r  ppm 

M,2 

,0  PPM 

NDt 

.9 

PPM 

t  CMt»ilu8!*ftCEfttl  ) 

FMfSKlOKS  IMul*,  LH/lftPO  l8  FuiLt  CO*  I', 97  CNX6  ,11 

CMkMLO-fMESCtNCI  MOlft  ,R».  NO  IP  ♦  NQlfV  NO*#  6,88 


RIGMT  SIOE 
83,71  PtlA 
83,37  PSIA 
.78  *Mf 

388,  OEG  P 
129,29  PT/8IC 
•.849  *N« 


CALCULATED  FUEL/AIR  R4TI0  F NCR  CHEMICAL  ANAL Ytlil  ,*11417 

calculated  comnlstion  efficiency  from  lm*-.cal  *»aly»m»  »9,is67  t 
CHECK  on  F/A  *aT 1 0*  P/A  ft  ,811996  N/o  07,  CalCULATIO  Of  •  17,817  8 


SMC4C  l>CEkt 
8ALTI-AN  NOt 


”*  S  T. «  R.A S’ 


Figure  361.  Final  Modified  Convention*!  Liner,  Initial  Design, 
4t  Nonregeneretive  40%  Power  •  Open  Setting. 
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Tf>J>  COMBUSTOR  EXPERIMENTS  -  RIG  6/0  46,  TEST  SERIES  S3,  RCAOING  •  787 

Tt ,)  "001FIED  C0^VE*TIQN*1  LINER  NiTp  VARIABLE  GEOMETRY  OIlUTION  ZONE. 
TEST  DATE  I  6-22-72  RgAOlNfr  NAS  TAKEN  AT  132H36  HOURS 

CtC lE  POINT  3  VARIABLE  GEOMETRY  1 22  X  CLOSEO  40  X  POKER  SETTING 


•***•  EXPERIMENTAL  CONCITIONS 


BURNER  air  FLO* 

2.91b 

LS/SEC 

AV6  BURNER  INLET  TEMP 

307, 

OEG  P 

AV{.  BURNER  inlet  PRES 

63, A 

PSIA 

AV6  BURNER  OUTLET  TEHP 

1232. 

OEG  P 

A Vb  BURNER  DELTA  P 

6,16 

•P6 

PRESSURE  LOSS 

4,78 

X 

OVERALL  F/A  RATIO  , 

P1319 

CF/P) 

FUEL  PLON  RATE 

IIS, 88 

LS/HR 

AlN  LOA0  FACTOR  1 

.1349 

PATTERN  FACTOR 

.23848 

60 1  "OT  SPOT  1  *  21  • 

1431. 

OEG  P 

PAX  BOT  /  AVG  BOT 

1.1617 

fuel  inlet  uRPtNAruHt 

122, 

OEG  F 

FUEL  INLET  PRESSURE 

238.3 

PSIA 

NEAT  L(  ACINI,  PARAMETER  .4«31SE*97  BTU/NCUN/ATP/CUB JC  FOOT 


BURNER  OUTLET  TEMPERATURE  survey 
IC  TERR  10  TEMP  10  TEMP  10  TtHP  10  TCNp  10  TEMP  ID  TINR 
ANNULUS  1  9  1223.  6  1177.  IS  tilt.  IB  1*»*.  24  ! ICO,  27  H57,  SC  1187, 

ANNULUS  2  4  JUS.  7  J2IC,  t6  1139.  SI  J43l,  28  12CI,  34  |3S1,  37  1181, 

ANNULS  N  1 1  a  a  .  14  1194.  17  1280,  22  1382,  28  1282,  88  1321,  38  1283, 


LEFT  SIDE 

TOTAL  pressure 

STATIC  PRESSURE 
VELOCITY  delta  P 
AIN  TENPERATURE 
AlN  VELOCITY 


•••  air  inlet  tube  conoitiuns 


63,77  P8IA 
63,44  PSJ A 
,66  "PC 
30C,  Of 8  F 
192, 7C  PT/SfC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  0EUTA  P 
AIR  TEPPERATURE 
AJR  VELOCITY 


DIFFERENTIAL  PRESSURE!  ULCPT  P-tO?AL)*f»lGNT  P-fOTAl)) 


RIGHT  SlOt 
I3.7S  RSI  A 
•3,37  PSIA 
.84  «HG 
3S7.  DIG  P 
138,13  FT/SSC 
-.its 


•  tv  FLOP  DATA t  P-HEF*  1 R4, |  PSIA  OELTa  P*  2. SB  "PC  T-RfM  81,  01 G  P 


Fi’fcc  SYSTE"  0*T*i 

fuel  par  frequency  oa.  pi  volumetric  pick  rati  i«,oo  gal/hr 

>U»l  PKC8S0PC  AT  t/N  ,33,8  PSIA  FUEL  T(NP  AT  P/K  88,  DIG  F 

••  MISCELLANEOUS  TRANSDUCER  RlAOlNCS  •• 

PAn|FOL0  AVERAGE  BuRnE*  OUTLET  TCtAL  PRESSURE  S8,7S  PIU 

CC-8UST0R  OUTER  CASE  STATIC  PRESSURE  82,82  PSIA  tlOuCIR  •  t t) 

8u«nER  DIFFERENTIAL  TOTAL  PRESSURE  8,19  "NS  UOuCS*  •  13) 


•  CpEhICAL  ANALTlJt  RESULTS  » 
GAS  SAMPLES  TAKER  IN  PLANE  •! 


Co? 

2.838  X 

02 

17,888  X 

CO 

181,2 

PPN 

C N*  .7  PPN 

NO 

28.3  PPM 

NUt 

8,8  PPP 

NOt 

9S.A 

PPN 

INO(NOIR)  *  NOt(NOUV)) 

NO 

.8  PPM 

NOt 

.8  PPM 

NOX 

.8 

PPN 

t  CNEP (LUMINESCENCE  I 

(MISSIONS  INDEX,  L8/1P8P  l»  Pun  I  CO*  7,87  CHIP  ,)• 

CPEMILUMINISCEnCI  NOXR  ,88 ,  NOIR  ♦  upgV  NQI»  4,7| 


calculated  plEl/rir  Ratio  prop  chemical  arrlysisi  .sittsi 

CALCULATED  COMSUITION  EFFICIENCY  PROP  CHEMICAL  ANALYSIS!  88,7888  I 
CHICK  ON  P/A  RATIO*  E/A  A  .812288  M/0  02,  CALCULATED  02  •  17,440  8 


8NC«C  INDEX  i  //. 
SAlTZhAN  NOt  t 


42 


dr. »  s'.sa 

•  «A  ♦••♦AMP***. 


figure  362.  final  Modified  Conventional  Liner,  Initial  Design, 
at  Nonregenerarive  HOJG  Power  *  Closed  Setting. 
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Ui  ChhbiSTO*  kVPEH>*ENTS  -  RIG  f/U  *t ,  TEST  SERIES  99,  READING  P  72 0 
fN3  fyoiutl,  CO*  Vfci.TinNAL  LINE*  *1TR  VARIABLE  GEOMETRY  OILUHON  ZONE. 
TEST  u*TES  N-??-?4  READING  N AS  TAKEN  AT  1092 1  7  HOURS 

tviLt  F  01  NT  4  VARIABLE  GEOMETRY  IBM  *  CLOSED  98  X  POKER  SETTING 

*****  EXPERIMENTAL  CTM'ITICNS  ***** 

m.RNLR  AIR  f  Lf>*  2,77A  LB/SEC  AVb  BURNER  INLET  TEMP  430.  QEG  P 

AVI,  Burner  lw*.H  FrES  72. b  PSIA  Avb  BURNER  OUTLET  TEMP  1340,  OEG  P 

A v f,  hUNNER  OELTA  y  h.43  »RG  P»t5SUPE  LOSS  4,74  X 

CvEuail  E/a  R aTTii  .H444  (E/m)  FUEL  FlO*  NATE  144,20  LB/MP 

Afv  Lf  ao  factor  i.hsm  pattern  factor  ,23643 

fci,  I  m'T  spot:  a  ?J  a  IMS*.  LEG  F  MAX  PCI  /  AVG  BOT  1. 1627 

F.IL  1  f.ct T  T f *■>»<(■►  A 1  L**E  132,  PEG  F  FuEL  INLET  PRESSURE  304.P  PSIA 

*  T  LOADING  Parameter  ,4343Pt*P?  p  tl/mou* / a  tm/cubxc  foot 
•••»  hunker  outlet  temperature  survey  *•** 

IL.  T£FF  10  tamp  1C  TEMP  ID  TEMP  10  TEMP  JO  TEMP  10  TEMP 
asmuS  1  2  132*.  *  1?59.  15  1234.  it  1404,  24  1230.  27  1324,  36  1291, 

»M!»i  05  2  *  i?!3.  7  1314,  16  1291.  ?i  1980,  29  1270,  34  1497,  37  1272. 

A*  uL"S  3  9  l>i5.  14  1*02,  J7  133E.  22  |9l0,  26  1337,  33  1412,  36  1470, 

LFtT  SIDE  •••  A!*  INLET  TUBE  C0*0IT10N3  •**  RIGHT  SIDE 

T  r 1 4L  RHESSU-F  71, «7  PSIA  TOTAL  FRE  SSUBt  71,00  PSIA 

STATIC  PRESSiRE  71. Pi*  PSIA  STATIC  PRESSURE  71,90  P*|A 

VELOCITY  OMTa  A  ,79  "MG  VELOCITY  DELTA  P  ,60  *MG 

AJM  UMPtNAigAE  4JP.  OEG  F  AfR  TEMPERATURE  430,  OEG  F 

a  I  *  vEiCCPv  123. ?M  FT/SK  A  JR  VELOCITY  126,41  FT/6EC 

vfNFtRtNllAi  PRESSUPtt  ((LEFT  P.TOTAD-CRHmT  P-T0TAL))  -.ass  *mg 

a  I  a  NLt*  OAtAJ  f  «n 1 > •  1*4,7  PSIA  DELTA  P*  3.93  *M6  T»»f Pp  76.  OEG  F 

M  tL  SYSTE"  P*Tai 

FiiFL  F/n  FRf CI'E*C y  331,  *1  VOLUMETRIC  FLO»  RATE  23,24  GAL/mR 

FlyL  MmESSupe  aY  F/p  966.7  M3IA  FUEL  Tf*P  AT  P/M  61.  016  P 

••  MISCELLANEOUS  TRANSDUCER  READINGS  «• 
maMmilO  Avt*Att  MRNfP  OUTLET  TfTAL  FRf MURE  66,86  P6IA 
CU**iST0R  UUTEN  LAM  STATIC  PRESSURE  06,66  P*lA  (XOU«»  0  II) 

NURmEp  OIFF  FRE*>t  t  AL  TOT  at  PRESSURE  6,64  *M$  (lOuCfR  0  13) 

•  CHEMICAL  ANALYSIS  RESULTS  • 

GAS  SamplES  Taf|n  I*  PLANE  «l 


CO?  3, *31  * 

t?  1 7 ,?PP 

X 

CC 

67.3 

PPM 

CM0  ,f  PPM 

xi  4P.0  PP* 

M2  1?,3 

PP* 

NCI 

33,1 

PPM 

(NOENDIR)  *  NOf(NOUV)) 

M  ,r  PP* 

H)  .1 

PPM 

NCt 

.? 

PPM 

t  CMlMlLUMlNtlCENCl  I 

*‘13310*1  !*ot> 

,  tb/lffp  L8 

M*«H 

co» 

6.63 

Chip  ,60 

ChEMILLM|nESCEnCE  nc*p  ,00,  NO!"'  *  N0uv  *01*  9,03 

CALCULATED  FUtL/AIR  RATIO  FRO*  tME*ICAL  AN AL Yf Hi  ,013024 

Cau.;L*TEO  C0F6LST10K  EFFICIENCY  FRCP  CmIMJCAL  ANALYSIS!  00,0200  X 
C«EC*  On  f/a  NAT  10-  ft  A  •  .P13637  WO  Of,  CALCULATED  02  *  10,021  t 

#M«£  iNlfKI  2o.44> 

s*i  T?MAN  LC»  •  Jf  FPP 


Figure  363.  Final  Modified  Conventional  Liner,  Initial  Design, 
at  Nonregenerative  SSX  Power  -  Closed  Jetting. 
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COMBUSTOR  EXPERIMENTS  -  RIG  B/U  46,  TEST  SERIES  £5,  READING  *  7GI 
TS3  r*Ol> I F X fel*  CONVENTIONAL  LlNfcR  VARIABLE  GEOMETRY  DILUTION  ZONE. 

TtJ-T  UAft:  6-22-72  REAOING  MAS  TAKEN  AT  I729IIB  HOURS 

CYLLt  POINT  4  VARIABLE  GEOMETRY  P  X  CLOSED  55  X  POWER  SETTING 

*****  EXRERiM&MAl.  CONDITIONS  ***** 

BURNER  AIR  ELO-  2.736  L&/SEC  AVC  BURNER  INLET  TEMP  431.  DEG  F 

a V O'  BURNER  INLET  PEES  71,3  PSI*  AVG  SUftNER  OUTLET  TEMP  1313.  OEG  F 

AVI.  BURNER  DELTA  P  5.5?  "MG  PRESSURE  LOSS  3,56  X 

OVERALL  P/A  RATIO  .6)1453  if/*)  FUEL  FLOW  RATE  143,16  L0/HR 

AlE  LOAD  FACTOR  1.1451  PATTERN  f ACTOR  .43071 

eOT  HOT  SPOT!  A  21  *  1692.  DEG  F  MAX  EOT  /  AVG  BOT  1.2894 

mjE L  IMET  TEMPERATURE  133.  DEG  F  FUEL  INLET  PRESSURE  301  I  PSIA 
meat  LOADING  PARAMETER  .43525E+07  BTU/WOUR /ATM/CUBIC  FOOT 

*•*»  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 

IU  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP 
ANMIUJS  1  ?  1446.  6  1233.  15  1296.  19  1492,  24  1137,  27  1290.  36  1234, 

annulus  2  4  1236.  7  1240,  16  1206.  21  1692,  25  1090.  34  1424.  37  1312, 

ANNULUS  3  5  1132.  14  1319.  17  1225.  22  I6P4,  26  1247,  35  1316,  39  1675. 

LE>  T  SIDE  ***  AIR  INLPT  TUBE  CONDITIONS  *••  RIGHT  SIDE 

TOTAL  PRESSURE  71.28  PSIA  TOTAL,  PRESSURE  71,32  PSIA 

STATIC  PRESSURE  70.89  PSIA  STATIC  PRESSURE  70,66  PSIA 

VELOCITY  DELTA  P  .80  "MG  VELOCITY  DELTA  P  ,94  *HG 

AIR  TEMPERATURE  431.  DEG  F  AIR  TEMPERATURE  431,  DEG  f 

a]R  VELOCITY  129.84  FT/SEC  AIR  VELOCITY  140,97  FT/SEC 

UIFFfcRfcNilAL  PRESSURE!  [(LEFT  »-T0TAL)- (RIGHT  P-TDTAD1  *,063  "HG 

AIM  E LOR  DATA!  P-RtF*  103.8  PSIA  DELTA  P*  3.42  "HG  T-REF*  76,  DEG  F 

EUfc'L  SYSTEM  DATA i  •  \ 

Fuel  F/m  frequency'  526.  HZ  VOLUMETRIC  FLOW  RATE  23.11  GAL/HR 

FUEL  PRESSURE  AT  e/m  580,9  PSIA  FUEL  TEMP  AT  F/M  93,  DEG  F 

**  MISCELLANEOUS  TRANSDUCER  READINGS  •• 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  68,76  PSIA 

CPmBUSTOR  OUTER  CASE  STATIC  PRESSURE  69,53  PSIA  (XDUCER  #  11) 

BURNER  OIFFFRF.NTIAL  TOTAL  PRESSURE  5,13  "MG  (XDUCER  •  13) 


*  CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SAMPLES  TAKER  IN  PLANE  #1 


LOV 

2.652  X 

02 

17,200  X 

CO 

211.9 

PPM 

CHX  ,7  PPM 

n  n 

39.4  PPM 

NO? 

20.4  PPM 

NOX 

59,6 

PPM 

(NO (NDIR)  ♦  N02CNDUVU 

NG 

,0  PPM 

NO? 

,0  PPM 

NOX 

.0 

PPM 

t  CHEMILUMINESCENCE  ) 

EMISSIONS  INDEX,  IB/10B0  LB  FUEL*  C0»  14,32  CHX*  ,07 

CMtMILUMlNESCENCE  NOX>  .00,  NDIR  ♦  NDUV  NOX*  6,63 

CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS*  ,612803 

CALCULATED  CO*?:  STION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS*  99,6092  X 
CHECK  ON  F/A  RATIO-  F/A  ■  ,012749  M/0  02.  CALCULATED  02  »  17,206  I 

SMUKt  INDEX!  94.9/ 

SALTZMAN  NQX  ■  X  PPM 


Figure  364.  Final  Modified  Conventional  Liner,  Initial  Design, 
at  Nonregenerative  55?6  Power  -  Open  Setting- 
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T®3  combust™  experiments  -  rig  s/u  46,  test  series  S5,  reaoing  «  732 

Tt)^  MODIFIED  CONVENTIONAL  LINER  HTh  VARIABLE  GEOMETRY  DILUTION  ZONE, 
TEST  OATfcj  6-22-72  READING  NAS  TAKEN  AT  S7SSS 12  HOURS 


CYCLE  POINT  3  VARIABLE  GEOMETRY  IPS'  X  CLOSEO 

*****  EXPERIMENTAL  CONDITIONS  ***** 


75  X  P6HER  SETTING 


2.938  LB/SEC  AvG  BURNER  INLET  TEMP 


bUKsER  AIR  FuO* 

A v*j  BURNER  INLET 
AvG  BUHNER  DELTA 
OVERALL  f/a  ratio 
A  I  *  LOAD  FACTOR 
MOT  HOT  SPOT!  * 

Fuel  INLET  TEMPER 
HEAT  LOACING  PAMFETE*  .47P’?.£*b7  BTU/HOUR/ATM/CUBIC  FOOT 


PRES  83.7 
P  7.22 
.61657 
1.1110 
3V  •  1767, 
< ATONE  144. 


PSIA 

"HG 

(F/M) 

DEG  F 
DEG  F 


PRESSURE  LOSS 

fuel  flop  rate 

PATTERN  FACTOR 
MAX  BOI  /  AVG  BUT 

fuel  inlet  pressure 


472. 

DEG  F 

3 

-Si1 

1495. 

DEG  F 

I 

4.36 

X 

175.26 

LB/HR 

1 

,26635 

•  i-v 

1.1016 

'Vfc 

365.3 

PSIA 

•**•  BURNER  OUTLET  TEMPERATURE  SURVEY  *•«« 

ID  T £PP  ID  TEMP  ID  TEMP  10  TEMP  10  TEMP  ID  TEMP  ID  TEMP 
anmjLuS  1  2  im.  6  1430.  15  1340,  IV  1543,  24  1384.  27  1490.  36  1366. 
ANNULUS  2  *  1358.  7  1489,  16  1361,  21  1730,  25  1449,  34  1602,  37  1403. 
ANMJLUS  3  5  1345.  14  1562,  17  1456.  22  1722,  26  1513,  35  1500,  39  1707, 


LEFT  SIDE 
TOTAL  PRESSURE 
STATIC  PRESSUhE 
VELOCITY  DELTA  F 
AIR  TEMPERATURE 
AIR  VELOCITY 


i**  AIR  INLET  TUBE  CONDITIONS  *** 


83,73 
HU. 33 
.83 
472, 


PSIA 

PSIA 

"MG 
DEG  F 


127.70  FT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRESSURE t  [(LEFT  P-TOTAL)* (RIGHT  P-TOTAL)] 
AIR  FLOW  Dm T A t  P-REF*  103.2  PSIA  DELTA  P*  3.97  "HG 


RIGHT  SIDE 
60.70  PSIA 
01.12  PSIA 
1.19  "HG 

472.  DEG  P 
152,40  FT/8EC 
.074  "HG 

T-REP*  70.  OEG  F 


FUEL  SYSTEM  OATA! 

full  f/w  frequency  649.  hz 

FUEL  PRESSURE  AT  F/M  S5l,7  PSIA 


VOLUMETRIC  FLOW  RATE  2S.34  GAL/HR 
FUEL  TEMP  AT  F/M  96.  OEG  P 


**  MISCELLANEOUS  TRANSDUCER  READINGS  ** 

MAMPCLO  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  77,17  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  78,58  PSIA  (XOUCER  0  111 

bURNER  DIFFERENTIAL  TOTAL  PRESSURE  7.25  "HG  (XOUCER  #  13) 


*  CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SAMPLES  TAKEN  IN  PLANE  *1 


C02 

3,287  % 

C2 

16,500  X 

CO 

85.3 

PPM 

Nl 

55,0  PPM 

NO  2 

14,7  PPM 

NCR 

60,7 

PPM 

NO 

,B  PPM 

NO? 

,0  PPM 

NOX 

.0 

PPM 

EMISSIONS  INDEX,  LB/1000  LB  FUEL!  CO*  5,06 
CHEMILUMINESCENCE  NPX*  ,00, 


3(N0IR)  ♦  N02CN0UV)) 

) 


NDIR 


CHX* 
*  NDUV  NOX* 


.04 

6.79 


CALCULATED  fuel/air  RATIO  FROM  CHEMICAL  ANAL YSISI  .015616 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  99.8400  X 
CHECK  ON  F/A  RATir  F/A  ■  .015679  W/fi  02,  CALCULATED  02  ■  16,415  X 

SMOKE  INDEX!  3  a.  4-3 

5*LTZMAN  NOX  •  ^  PPM 


I 

I 

I 

■§ 


$ 

$ 


Figure  3CS.  Final  Modified  Conventional  Liner,  Initial  Design, 
at  Nonregenerative  75%  1'ower  -  Closed  Setting. 
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Hi  COMBUSTOR  EX  PHI  HE.  NTS  -  RIG  B/U  48,  TEST  SERIES  55,  READING  #  733 

T 83  MODIFIED  CONVENT IONAL  LJnEW  *•  I TH  VARIABLE  GEOMETRY  DILUTION  ZONE, 
TEST  DATE!  S-22-72  READING  NAS  TAKEN  AT  1814H0  HOURS 


cycle  point  p  variable  geometry  tee  x  closed  s 

*****  EXPERIMENTAL  CONDITIONS  ***** 


tee  i  power  setting 


Buhner  AIR  FlO*  3.229 

AVG  htJRNkR  Inlet  puts  91.8 
* VG  BURNER  DELTA  P  7.91 
OVERALL  F/A  RATH'  .0196P 

air  load  factor  i.i«i6 

EOT  MOT  5POTI  A  22  *  2873. 
KitL  INLET  TEMPERATURE  154. 


3.229  L8/SEC 
91.8  PSIA 
7.91  "MG 
0196P  (F/M) 


AVG  BURNER  INLET  TEMP  322,  DEG  F 
AVG  BURNER  OUTLET  TEMP  1724,  DEG  F 


DEG  F 
DEG  F 


PRESSURE  LOSS 
FUEL  FLO*  RATE 
PATTERN  FACTOR 
MAX  BOT  /  AVG  BOT 
FUEL  INLET  PRESSURE 


t-EAT  LOADING  PARAMETER  ,537S2E*e7  BTU/HOUR/ ATM/CUBIC  FOOT 


4.23  X 

227,84  LB/HR 
.28989 
1.2821 
493.0  PSIA 


****  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 
in  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  10  TEMP  ID  TEMP 
ANNULUS  1  3  1627.  6  1667.  IS  1556,  19  1778,  24  1648.  27  1699.  36  1332. 

ANMJtUS  2  4  1558.  7  1808.  16  1576.  21  2818,  25  1681.  34  1776,  37  1387, 

ANNULUS  3  5  1639,  14  1857,  17  1655.  22  2873,  26  1739,  35  1761,  39  2084. 


LEFT  SIDE 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  p 
AIR  TEMPERATURE 
AIR  VELOCITY 


«**  AIR  INLET  TUBE  CONDITIONS  •** 


91.82  PSIA 
91,38  PSIA 
1.07  "MG 
522.  DEG  F 
139.03  FT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRESSURE!  {(LEFT  P-TOTALH (RIGHT  P-TOTAL)) 


RIGHT  SIDE 
91, S3  PSIA 
91.16  PSIA 
1.40  "HG 

522.  DEG  F 
139,16  FT/SEC 
••052  "HG 


AIK  FLOW  DATA!  M-REF*  1*2.8  PSIA  DELTA  P*  4.82  "HG  HREF*  76,  DEG  F 


FUEL  SYSTEM  OATA! 

FUFL  F/M  FREQUENCY  849. 

fuel  pressure  at  f/m  546.5 


VOLUMETRIC  FLOW  HATE  36,80  GAL/HR 
FUEL  TEMP  AT  F/M  90,  DIG  F 


•*  MISCELLANEOUS  TRANSDUCER  READINGS  *• 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  B7.95  PSIA 

COM0USTOR  OUTER  CASE  STATIC  PRESSURE  89.70  PSIA  (XDUCER  8  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  7.89  "HG  (XDUCER  8  13) 

*  CHEMICAL  ANALYSIS  RESULTS  * 

GAS  SAMPLES  TAKEN  IN  PLANE  #1 


C02 

3,867 

X 

02  15,700 

X 

CO 

62.1 

PPM 

CHX  ,5  PPM 

NO  • 

95,8 

PPn 

NU2  17,2 

PPM 

NOX 

112.9 

PPM 

{NO (NOIR)  *  N02CNDUV)) 

NO 

.0 

PPM 

NO  2  .0 

PPM 

NOX 

.0 

PPM 

t  CHEMILUMINESCENCE  ) 

EMISSIONS 

INOEX 

,  LB/1000  LB 

FUEL! 

CO* 

3,12 

CHX*  ,04 

CHEMILUMINESCENCE  nox* 


NOIR  *  NDUV  NOX* 


CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  .018296 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  'HEMICAl  ANALYSIS!  99,0626  X 
CHECK  ON  F/A  RATIO*  F/A  *  ,018375  w/0  02,  CALCULATED  02  ■  13,600  X 

SMOKE  INDEX!  SMS 

SALTZHAN  NOX  ■  n  PPM 


Figure  366.  Final  Modified  Conventional  Liner,  Initial  Design, 
at  Nonregenerative  10096  Power  -  Closed  Setting. 


TABLE  LXXXIII.  COMPARISON  OF  T63  NONREGENERATIVE  EMISSION/COMBUSTOR 
PERFORMANCE  OF  (1)  CONVENTIONAL  LINER,  AND  FINAL 

DESIGN  MODIFIED  CONVENTIONAL  LINER  (2)  DILUTION  ZONE 

OPEN  SETTING  AND  (3)  DILUTION  ZONE  CLOSED  SETTINC 

I.  Conventional  Liner 

Cvcle  Point 

A.  Emissions 

1 

6 

5 

4 

3 

2 

CO,  (ppm) 

892.7 

651.5 

495.5 

382.9 

214.1 

74.7 

H/C,  (PPm) 

37.0 

15.8 

4.1 

0.7 

0.6 

NO  .(On-Line,  NDIR  &  NDUV)  (ppm) 

17.0 

32.0 

41.1 

45.0 

58.0 

81.0 

NO  ,  (On-Line,  CL)  (ppm) 

17.2 

23.4 

32.6 

40.7 

56.3 

80.0 

Nox,  (Saltzman)  (ppm) 

18. S 

27.8 

37.1 

45.8 

61.3 

90.6 

Smoke  Number 

3. 

7. 

12. 

17. 

25. 

30. 

B.  Pressure  Loss  (X) 

4.63 

4.51 

4.53 

4.44 

4.38 

4.14 

C.  Temp.  Profile  (T  /T  ) 
r  v  max  avg' 

1.11S 

1.142 

1.120 

1.113 

1.104 

1.065 

II.  Final  Design  Modified  Conventional 
Liner  DZ  .Open  Setting 

A.  Emissions 

CO,  (PPm) 

H/C, (PPm) 

223.4 

6.5 

214.1 

2.1 

196.3 

.9 

211.8 

.7 

z 

g 

< 

5 

< 

NO  .(On-Line,  NDIR  &  NDUV)  (ppm 
N0x,  (Saltzman)  (ppm) 

26.9 

33.7 

57.0 

59.8 

g 

< 

H 

s 

g 

2 

Smoke  Number 

29.07 

46.58 

52.74 

64.91 

g 

B.  Pressure  Loss  (X) 

3.72 

3.67 

3.53 

3.56 

C.  Temp.  Profile  (T  /T  ) 
r  v  max  avg' 

1.434 

1.391 

1.333 

1.289 

III.  Final  Design  Modified  Conventional 
Liner_DZ  Closed  Setting 

A.  Emissions 

CO,  (PPm) 

250.0 

150.8 

101.2 

87.3 

85.3 

H/C,  (PPm) 

10.0 

2.5 

.7 

.6 

.4 

NO  ,  (On-Line,  NDIR  &  NDUV)  (ppm 

23.4 

24.5 

38.4 

53.1 

69.7 

NO*  (Saltzman)  (ppm) 

\ 

Smoke  Number 

1.34 

5.86 

11.42 

20.  Mu 

38.49 

51.65 

B.  Pressure  Loss  (X) 

4.99 

4.86 

4.75 

4.74 

4 . 39 

4.23 

C.  Temp.  Profile  l^/T^) 

1.157 

1.177 

1.162 

1.163 

1.182. 

1.202 
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Hydrocarbons  as  C^Ho  -  PPM 


Carbon  Monoxide  -  PPM 
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Figure  368.  Nonregenerative  T63-A-SA  Combustor 

Carbon  Monoxide  Emission  Data  Comparison  for 
Standard- Length, Modified-Conventional, Final 
Design  Combustor  and  T63  Baseline  Combustors. 
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Oxides  of  Nitrogen  as  N02  -  PPM 

(On-Line,  NDIR  +  NDUV) 


Figure  369.  Nonregeneretive  T63-A-SA  Combustor 

Nitrogen  Oxides  emission  Dsts  Comparison  for 
Standard- Length, Modi  fled -Conventional, Final 
Design  Combustor  and  T63  Baseline  Combustors. 
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Figure  370.  Nonregenerative  T63-A-SA  Combustor 

Carbon  Monoxide  VS  Nitrogen  Oxides  Emission  Data 
Comparison  for  Standard-Length,  Modi fied-Convent ions 1 
Final  Design  Combustor  and  T63  Baseline  Combustors. 
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figure  371.  Honregenerative  T63-A-SA  Combustor 

Smoke  Date  Comparison  for  Standard  length, 
Modified-Conventional,  Final  Design  Combustor 
and  T63  Baseline  Combustors. 
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7496  and  hydrocarbons  9096.  Both  N0X  and  particulates  increased  above 
the  Conventional  T63  )evels.  The  N0X  emissions  were  1696  higher  than 
the  baseline  level,  and  particulates  were  8396  higher.  Even  though 
the  contract  objective  of  5096  minimum  reduction  in  total  emissions 
was  met  in  this  design,  the  requirement  that  no  constituent  emission 
could  increase  was  not  met. 

Exhaust  temperature  profile  results  for  the  Modified  Conventional 
combustor  are  plotted  in  Figure  372.  The  closed  dilution  setting 
temperature  profiles  were  in  general  no  worse  than  those  from  the 
Extended-Length  combustor,  but  the  profiles  were  definitely  worse 
than  those  from  the  Conventional  T63  combustor,  especially  at  the 
higher  power  operating  conditions. 

The  skin  thermocouple  readings  for  the  Modified  Conventional  combus¬ 
tor  liner  are  shown  in  Figure  373  for  the  open  dilution  setting 
and  in  Figure  374  for  the  closed  setting.  The  combustor  metal 
temperatures  along  the  primary  zone  were  considerably  higher  when 
the  dilution  slip  band  was  set  at  the  open  setting. 

Because  of  the  poor  exhaust  temperature  profiles  from  the  Modified 
Conventional  combustor,  lampblack  cold-flow  tracings  of  the  combus¬ 
tor  airflow  characteristics  were  recorded  for  both  dilution  settings. 
Figure  375  is  the  flow  tracing  for  the  open  position,  and  Figure 
376  shows  the  closed  position  tracing.  Comparing  these  flow 
tracings  reveals  that  the  additional  pressure  loss  resulting  from 
the  closed  position  of  the  dilution  band  produced  much  better 
mixing  and  deeper  penetration  of  the  inlet  air  through  both  the 
primary  and  dilution  holes.  It  was  therefore  apparent  that  pressure 
losses  of  less  than  496  would  result  in  poor  combustor  performance. 

HPtiiaCItlM  "A" 

The  changes  to  the  Modified  Conventional  combustor  resulting  in 
Modification  "A'  were  all  made  in  the  dilution  zone.  The  combustor 
was  rebuilt  downstream  of  the  dilution  film  cooling  annulus  to 
incorporate  the  following  design  revisions: 

*  The  dilution-hole  axial  location  was  moved  2.00  inches  upstream 
to  the  tame  axial  petition  as  the  two  dilution  holes  in  tht 
Conventional  T63-A-SA  combustor  liner. 

*  The  two  sets  of  six  dilution  holes  in  the  variable-geometry 
slip  band  were  replaced  with  a  single  set  of  six  1.22-inch- 
square  holes  with  0.41-inch-rsdius  corner  fillets. 

*  Due  to  additional  apace  required  for  the  variable- geometry 
slip  band,  the  dilution-zone  film  cooling  section  waa  re¬ 
worked. 
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Temperature  Profile 


SKIN  TEMPERATURES 


Figure  374.  Nonregenerative  T63-A-VA  Coabuator 
Skin  Temperatures  for  Modified 
Conventional  Final  Design  Combustor  Operating 
at  D2  Closed  Setting. 
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Figure  175.  Final  Modified  Conventional  Liner  Cold  Flow  Tracings  for 
Open  Dilution  Setting. 


Figure  376.  Final  Modified  Conventional  Liner  Cold  Flow 
Tracings  for  Closed  Dilution  Setting. 
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The  purpose  of  the  liner  modifications  was  to  reduce  the  residence 
time  in  the  predilution  zone  to  limit  the  amount  of  N0X  formed  and 
to  give  additional  mixing  volume  for  the  dilution  air  to  improve 
the  exhaust  temperature  profile. 

The  Modification  "A”  combustor  was  tested  at  nonregenerative  T63 
conditions  using  three  geometry  settings  of  the  dilution  slip  band: 
3296,  5096,  and  70%  closed.  The  3296  closed  position  was  to  give  the 
same  flow  split  between  primary  and  dilution  zones  as  in  the  Con¬ 
ventional  T53  combustor  liner.  The  regenerative  setting  corres¬ 
ponded  to  the  9%  closed  or  full  open  position.  The  50%  and  70% 
closed  positions  were  marked  so  that  they  could  be  used  to  control 
NQX  generation  by  further  leaning  of  the  primary  zone. 

The  test  data  recorded  during  the  nonregenerative  testing  of  the 
Modified  Conventional  Modification  "A”  combustor  liner  are  presented 
in  Figures  377  through  389.  The  emission,  pressure-loss,  and 
temperature-profile  data  are  summarized  in  Table  LXXXIV.  Com¬ 
parison  of  emissions  and  pressure  loss  data  among  the  dilution 
geometry  settings  shows  the  lack  of  response  of  combustor  perform¬ 
ance  to  changes  in  the  variable- geometry  actuator  rods.  If  the 
dilution  slip  band  had  rotated  to  effect  a  closing  of  the  dilution 
holes  from  32%  to  7096  closed,  the  pressure  loss  would  have  increased 
by  much  more  than  the  1%  that  was  measured.  Inspection  of  the  com¬ 
bustor  after  the  test  revealed  that  the  variable -geometry  tabs  con¬ 
necting  the  actuator  rods  the  slip  ring  were  severely  deformed 
and  thus  must  have  yielded  during  each  adjustment  of  the  actuator 
rods.  One  of  the  bent  tabs  can  be  seen  in  Figure  352,  a  photograph 
which  was  taken  after  the  test. 

As  noted  in  Table  LXXXIV,  no  values  for  the  nondispersion  (ND)  N0X 
concentrations  were  given  for  cycle  points  2,  3,  end  4.  During  the 
test,  the  nondispersive  ultraviolet  (NDUV)  instrument  used  to 
measure  NO2  concentrations  could  not  be  used, and  thus  only  NO  con¬ 
centrations  from  the  nondispersive  infrared  (NDIR)  instrument  were 
recorded.  Total  nitrogen  oxides  determined  by  the  Saltzman  wet 
chemistry  method  were  used  in  the  emission  index  calculations. 

The  emission  data  for  the  Modified  Conventional  Modification  "A'' 
combustor  are  compared  with  the  Conventional  T03  and  Extended-Length 
combustor  liners  in  Figures  390  through  3n3,  Because  of  the  lack 

of  emission  change  with  geometry  setting,  only  the  32%  closed  set¬ 
ting  data  a.e  connected.  In  Figure  390  are  plotted  the  nydrocarbon 
data  for  Modification  The  Modified  Conventional  hydrocarbon 

concentrations  are  considerably  b-  low  the  baseline  levels  and  repre¬ 
sent  a  6896  reduction.  Carbon  monoxide  emissions.  Figure  391,  were 
not  low  enough  in  Modification  "A”  to  enable  the  combustor  to  attain 
the  5096  reduction  in  total  emissions.  The  CO  mass  emissions  were 
reduced  by  only  39%.  Only  the  nitrogen  oxide  emissions  are  shown 
in  Figuie  392,  since  the  NDUV  on-line  instrument  could  not  be  used 
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TS3  COMBUSTOR  EXPERIMENTS  -  RIG  B/U  59,  TEST  SERIES  60,  READING  «  S16 

T63  MODIFIED  CONVENTIONAL  LINER.  MOD  "A"  AT  STD,  T63  INLET  CONDITIONS, 
TEST  DATE!  7-19-72  READING  NAS  TAKEN  AT  1609124  HOURS 


CYCLE  POINT  1  VARIABLE  GEOMETRY  52  X  CLOSED  IS  X  PONER  SETTING 


8URNER  AIR  FLOW 
AVG  BURNER  INLET  PRES 
AVG  BURNER  DELTA  V 
OVERALL  F/A  RATIO 
AIR  LOAD  FACTOR 
BOT  MOT  SPOT!  A  14  ■  1272,  DEG  F 
FUEL  INLET  TEMPERATURE  187.  OEG  F 
HEAT  LOADING  PARAMETER  ,35572E*87 


AVG  BURNER  INLET  TEMP 

299, 

DEG  P 

AVG  BURNER  OUTLET  TEMP 

1010, 

DEG  F 

PRESSURE  LOSS 

4,03 

X 

FUEL  FLOW  RATE 

73,23 

LB/HR 

pattern  factor 

.36046 

MAX  BOT  /  AVG  BOT 

1.2592 

FUEL  INLET  PRESSURE 

226,3 

PSIA 

8TU/M0UR/ATM/CUBIC  FOOT 


*****  EXPERIMENTAL  CONDITIONS  ***** 
1.868  LB/SEC 
44,6  PSIA 
3.66  "HG 
.81889  £F/M) 

1,1531 


ANNULUS  1 
ANNULUS  2 
ANNULUS  3 

LEFT  SIDE 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


****  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 

10  TEMP  10  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP 
2  873,  6  521.  IS  1208.  19  917.  24  1849.  27  1112,  36  1034, 

4  982.  7  9(2,  16  1198,  21  891,  25  1113.  34  1104,  37  1047, 

5  898.  14  1272,  17  1866.  22  918.  26  1117,  35  1804,  39  943, 


***  AIR  inlet  TUBE  CONDITIONS  *** 


44.62 

44,48 

.44 

299. 


PSIA 
PSIA 
"HG 
DEG  F 


112.75  FT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRESSURE!  CClEFT  P-TOTAL)- CRIGHT  P-TOTAL)] 


RIGHT  SIDE 
44,63  PSIA 
44.42  PSIA 
,43  "HG 

300,  DEG  F 
111, 02  FT/SEC 
*.030  "HG 


AIR  FLOW  DATA!  F-ReF*  105.3  PSIA  CELT*  P*  1,63  "HG  T-REF*  102,  DEG  F 


FUEL  SYSTEM  DATA! 

FUEL  F/M  FREQUENCY  271,  HZ  VOLUMETRIC  FLOW  RATE  11,81  GAL/HR 

FUEL  PRESSURE  AT  F/M  320,1  PSIA  FUEL  TEMP  AT  F/M  OR,  DEG  P 

**  MISCELLANEOUS  TRANSDUCER  REAOINGS  ** 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  42,82  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  43,59  PSIA  (XOUCER  I V  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  3,63  "HG  (XOUCER  M  13) 


*  CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SAMPLES  TAKEN  IN  PLANE  R1 

466,0  PPM 


C02 

2,187  X 

02 

18,480  X 

CO 

NO 

8,4  PPM 

N02 

12,3  PPM 

NOX 

NC 

.8  PPM 

N02 

.0  PPM 

NOX 

EMISSIONS  INDEX,  LB/1000  LB  FUEL!  CO* 
CHEMILUMINESCENCE  NOX« 


CHX  32,0  PPM 
20,6  PPM  {NOCNDIR)  ♦  N02CNDUV)) 
.0  PPM  {  CHEMILUMINESCENCE  ) 
41,82  CHX*  4,92 

.80,  NDIR  4  NDUV  NOX*  3,00 


CALCULATED  FUEL7AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,010178 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  90,4995  X 
CHECK  ON  F/A  RATIO-  F/A  *  ,018349  W/0  02,  CALCULATED  02  ■  10,826  X 

SMOKE  INDEX!  2%.o 

_ „ _ _ M:Hjl  3.0s 


Figure  377.  Final  Modified  Conventional  Liner,  Modification  **A"  at 
Nonregenerstive  10%  Power  -  32%  Closed  !>Z. 
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T83  COMBUSTOR  EXPERIMENTS  -  RIG  B/U 
T3  MOOIFIEO  CONVENTIONAL  LINER#  MOO 
TEST  OATEI  7-19-72 

CYCLE  POINT  1  VARIABLE  GEOMETRY 


59#  TEST  SERIES  69#  READING  *  «17 

"A"  AT  STD#  763  INLET  CONDITIONS. 
READING  MAS  TAKEN  AT  1828113  HOURS 

50  X  CLOSED  10  X  PONIR  SETTING 


BURNER  AIR  FLO* 

AVG  BURNER  INLET  PRES 
AVG  BURNER  DELTA  P  3.97 

OVERALL  F/A  RATIO  .01083 

AIR  LOAD  FACTOR  1.1627 

BOT  HOT  SPOT  I  *  34  •  1142.  DEG  F 
FUEL  INLET  TEMPERATURE  114.  DEG  F 
HEAT  LOADING  PARAMETER  ,35052E*07 


AVG  BURNER  INLET  TEMP  380. 
AVG  BURNER  OUTLET  TEMP  992. 


PRESSURE  LOSS  4.37 
FUEL  PLOM  RATE  73.42 
PATTERN  FACTOR  ,21547 
MAX  BOT  /  AVG  BOT  1.1883 
FUEL  INLET  PRESSURE  258,7 


BTU/HOUR /ATM /CUBIC  FOOT 


*****  EXPERIMENTAL  CONDITIONS  ***** 
1.663  LB/SEC 
44.6  PSIA 
*HG 
(F/M) 


DEG  F 
DEG  F 
X 

lb/mr 


PSIA 


****  BURNER  OUTLET  TEMPERATURE  SURVEY  »•** 

ID  TEMP  10  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID 
ANNULUS  1  2  994.  6  467.  15  1033,  19  879,  24  1043.  27  1877.  36 
ANNULUS  2  4  1824.  7  1055,  16  1004.  21  895.  25  I860,  34  1142.  37 
ANNULUS  3  5  1015,  14  1086.  17  935,  22  676,  26  972.  35  1087.  39 


TEMP 

1187. 

1126, 

1843, 


LEFT  SIDE 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


***  AIR  INLET  TUBE  CONDITIONS  *** 


44,63  PSIA 
44.41  PSIA 
.45  **HG 
300,  DEG  F 
113,57  FT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRESSUREl  {(LEFT  P-TOTALJ- (RIGHT  P-TOTAL)] 


RIGHT  SIDE 
44,06  PSIA 
44,33  PSIA 
.66  «HG 

381.  DEG  F 
138.67  FT/SEC 
■.055  "MG 


AIR  FLOW  DATAI  P-REF*  105,7  PSIA  OELTA  P*  1,65  »HG  T«REF*  101,  DEG  F 


FUEL  SYSTEM  DATAI 

FUEL  F/M  FREQUENCY  272,  HZ 

FUEL  PRESSURE  AT  F/H  328.7  PSIA 


VOLUMETRIC  FLOW  RATE  11. 00  GAL/HR 
FUEL  TEMP  AT  F/M  94,  DEG  F 


**  MISCELLANEOUS  TRANSDUCER  READINGS  •• 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  42,69  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  43,59  PSIA  (XDUCER  N  111 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  3.95  »HG  (XDUCER  I  13) 

*  CHEMICAL  ANALYSIS  RESULTS  * 

GAS  SAMPLES  TAKEN  IN  PLANE  81 

449,9  PPM  CHX  25,0  PPM 
17,9  FFM  (NO(NDIR)  ♦  N02(NDUV)J 
.0  PPM  (  CHEMILUMINESCENCE  ) 
<8.39  CHX*  3,55 

.08#  NDIR  *  NDUV  NOX'  2,66 


C02 

2.187  X 

02 

18,300  X 

CO 

NO 

5,6  PPM 

N02 

12.3  PPM 

NOX 

NO 

,8  PPM 

N02 

,8  PPM 

NOX 

EMISSIONS  INDEX ,  LB/1008  LB  FUEll  CO* 
CHEMILUMINESCENCE  NOX' 


CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSISl 
CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSISl 
CHECK  ON  F/A  RATIO-  F/A  •  .018331  N/0  02,  CALCULATED 


.018208 
08,6419  X 
02  •  18,020  X 


8H0KE  INDEX! 
SALTZMAN  NOX 


Z&o 
•  n.94 


PPM 

'••88 


£•1.  e  Z.&1 


Figure  378.  Final  Modified  Conventional  Liner,  Modification  "A”  at 
Nonregenera tive  1096  Power  -  5096  Closed  DZ. 
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T63  COMBUSTOR  EXPERIMENTS  •  RIG  B/U  59,  TEST  SERIES  69,  READING  *  618 

T63  MODIFIED  CONVENTIONAL  LINER,  MOD  "A"  AT  STD.  T63  INLET  CONDITIONS, 
TEST  OATEl  7-10-72  READING  WAS  TAKEN  AT  1904133  HOURS 

CYCLE  POINT  6  VARIABLE  GEOMETRY  32  X  CLOSED  25  X  POWER  SETTING 


*****  EXPERIMENTAL  CONDITIONS  ***** 


BURNER  AIR  FLOW 

2,194 

LB/SEC 

AVG  BURNER  INLET 

TEMP  352. 

DEG  P 

AVG  BURNER  INLET  PRES  34,7 

PSIA 

AVG  BURNER  OUTLET 

TEMP  1102. 

OEG  f 

AVG  BURNER  DELTA  P 

3.62 

"HG 

pressure  loss 

3,26 

X 

OVERALL  F/A  RATIO 

.01212 

CF/M) 

FUEL  FLOW  RATE 

95,70 

LB/HR 

AIR  LOAD  FACTOR 

1.1434 

pattern  FACTOR 

.41127 

BOT  HOT  SPOT  1  W  34 

•  1410. 

DEG  F 

MAX  BOT  /  AVG  BOT 

1.2799 

FUEL  INLET  TEMPERATURE  116. 

DEG  F 

FUEL  INLET  PRESSURE 

304,6 

PSIA 

HEAT  LOADING  PARAMETER  ,37951E*67  BTU/HOUR/ATM/CUBIC  FOOT 

**** 

BURNER  1 

OUTLET  TEHPERATURE  SURVEY  **** 

ID  TEMP 

10  TEHP 

ID  TENP 

ID  TEMP  ID  TEMP 

ID 

TEMP  ID 

TEMP 

ANNULUS  1  2  943. 

6  ise. 

IS  1189. 

19  B4S,  24  1156, 

27 

1296,  36 

1837, 

ANNULUS  2  4  1104, 

7  1307. 

16  1125. 

21  889.  25  1286, 

34 

1410,  37 

1884. 

ANNULUS  3  5  1167, 

14  1274, 

17  967, 

22  944,  26  1332, 

39 

1260.  39 

995. 

LEFT  SIOE 

***  AIR 

INLET  tube 

CONDITIONS  **« 

RIGHT  SIDE 

TOTAL  PRESSURE 

54.66 

PSIA 

TOTAL  PRESSURE 

54,67 

PSIA 

STATIC  PRESSURE 

54,39 

PSIA 

STATIC  PRESSURE 

54.37 

PSIA 

VELOCITY  DELTA  P 

.54 

"HG 

VELOCITY  DELTA  P 

.61 

»H0 

AIR  TEMPERATURE 

351. 

OEG  F 

AIR  TEMPERATURE 

352, 

DEG  P 

AIR  VELOCITY 

116.49 

FT/SEC 

AIR  VELOCITY 

124,36  1 

FT/SEC 

DIFFERENTIAL  PRESSURE!  {(LEFT  P-TOTAL)- (RIGHT  P-TOTAL)] 

-.028 

"HG 

AIR  FLOW  DAT  A 1  P-REF*  103.0 

PSIA  DELTA  P*  2,24  "HG 

T-REF*  96, 

DEG  P 

FUEL  SYS7EH  0 AT  A  1 

FUEL  F/H  FREQUENCY 

354. 

HZ 

VOLUMETRIC  FLOW  RATE 

13,47  1 

GAL/HR 

FUEL  PRESSURE  AT  F/M  367.1 

PSIA 

FUEL  TEMP  AT  F/M 

96. 

DEG  P 

•*  MISCELLANEOUS  TRANSDUCER  READINGS  •* 
MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  32.6B  PSIA 
COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  53,59  PSIA 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  3,81  "HG 


(XDUCER  R  11) 
(XDUCER  «  13) 


*  CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SAMPLES  TAKEN  IN  PLANE  «! 


C08 

8,254  X 

02 

18,200  X 

CO 

349,5 

PPM 

NO 

16,9  PPM 

N02 

11,5  PPM 

NOX 

28,4 

PPM 

NO 

,0  PPM 

NG2 

,0  PPM 

NOX 

,0 

PPM 

EMISSIONS  INDEX,  LB/1PCI0  LB  FUELI  CO*  26,23 
CHEMILUMINESCENCE  NOX*  .66, 


CHX  7,3  PPM 
(NO(NDIR)  *  NOS (NDUV) ) 
l  CHEMILUMINESCENCE  ) 
CHX*  ,93 
NOIR  *  NDUV  NOX ■  3,76 


CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSISI  ,616765 

CALCULATED  COMBUSTION  EFFICIENCY  PROM  CHEMICAL  ANALYSISI  99,1736  X 
CHECK  ON  F/A  RATIO-  F/A  «  .016952  W/0  02.  CALCULATED  08  •  17,831  X 

3H0KE  XNDEXl  S3>0 

saltzhan  NOX  ■  2?Sd  PPM  3'33 


Figure  379.  Final  Modified  Conventional  Liner,  Modification  "A"  at 
Nonregene rative  25%  Power  -  32%  Closed  DZ, 
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T63  COMBUSTOR  EXPERIMENTS  -  RIG  B/U  99,  TEST  SERIES  69,  READING  «  8t9 

T63  MODIFIED  CONVENTIONAL  LINER,  MOO  "A"  AT  STD.  T63  INLET  CONDITIONS, 
TEST  DATE  I  7-19*72  READING  NAS  TAKEN  AT  19261  9  HOURS 


CYCLE  POINT 


VARIABLE  GEOMETRY  32  X  CLOSED  40  X  POWER  SETTING 


*****  EXPERIMENTAL  CONDITIONS  ***** 


BURNER  AIR  FLOW  2,564  LB/SEC 

AV6  BURNER  INLET  PRES  64,2  PSIA 
AVG  BURNER  DELTA  P  4,13  "MG 
OVERALL  F/A  RATIO  ,01296  (F/M) 

AIR  LOAD  FACTOR  1,1702 

BOT  HOT  SPOT  1  A  34  »  1490,  DEG  F 
FUEL  INLET  TEMPERATURE  110,  DEG  F 
HEAT  LOADING  PARAMETER  ,40393E+«7 


AVG  BURNER  INLET  TEMP  396, 
AVG  BURNER  OUTLET  TEMP  1209, 


PRESSURE  LOSS  3.17 
FUEL  FLOW  RATE  119,61 
PATTERN  FACTOR  ,34719 
MAX  BOT  /  AVG  BOT  1,2327 
FUEL  INLET  PRESSURE  329,9 


BTU/HOUR/ ATM/CUBIC  FOOT 


DEG  P 
DEG  P 
X 

LB/HR 


PSIA 


****  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 

10  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  1  2  1047,  6  208,  IS  1283,  19  928,  24  1257,  27  1429,  36  1368, 
ANNULUS  2  4  1209.  7  1418,  lO  1243,  21  971,  25  1403,  34  1490,  37  1304, 
ANNULUS  3  5  1291,  14  1375,  17  1076,  22  1046,  26  1449,  33  1412,  39  1136, 


LEFT  SIDE 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


•*•  AIR  INLET  TUBE  CONDITIONS  •** 


64,14 

63,84 

.62 

398, 


PSIA 
PSIA 
»HG 
DEG  F 


118,58  FT/SEC 


TOTAL  FRESSURE 
STATIC  PRESSURE 
VELOCITY  OELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRESSUREI  ( (LEFT  F-TOTALJ* (RIGHT  P-TOTAL)) 


RIGHT  SIDE 
64,24  PSIA 
63,97  PSIA 
,55  "HQ 

399,  DEG  P 
111,32  PT/SEC 
•, ] 92  "HG 


AIR  FLOW  DAT  A I  P-REF*  104,9  PSIA  DELTA  P*  3,06  ”HG  T-REP*  98.  DEG  P 


FUEL  SYSTEM  DATA  I 

FUEL  F/M  FREQUENCY  442,  HZ  VOLUMETRIC  FLOW  RATE  19,35  GAL/HR 

FUEL  FRESSURE  AT  F/M  438,1  PSIA  FUEL  TEMP  AT  F/M  98,  DEO  F 


«•  MISCELLANEOUS  TRANSDUCER  READINGS  ** 
MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  62,18  PSIA 
COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  82, S7  PSIA 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  4,05  "HG 


(XOUCER  *  It) 
(XDUCER  ft  13) 


C02  2,800  X 

NO  •  23,2  FPN 

NO  ,0  PPM 

EMISSIONS  INDEX 


t  CHEMICAL  ANALYSIS  RESULTS  » 
GAS  SAMPLES  TAKEN  IN  PLANE  ftl 


02  17,700  X  CO 

N02  13.3  PPM  NQX 

NOR  ,0  PPM  NOX 

,  LB/1000  lb  fueli  co* 
CHEMILUMINESCENCE  NOX* 


267,6  PPM  CHX  3.1  PPM 
36,8  PPM  (NO(NDXR)  ♦  N02CNDUV)) 

,0  PPM  [  chemiluminescence  1 

28.28  CHX*  ,37 

.81.  NOIR  *  NDUV  NOX*  4.83 


calculated  fuel/air  r*tio  from  chemical  analysis i  ,«i ibss 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS  I  90.4888  X 
CHECK  ON  F/A  RATIO-  F/A  ■  ,012073  M/0  02,  CALCULATED  08  •  17.404  X 

SMOKE  INDEX  I  S'&O 

ialtzman  NOX  ■  32./0  £•£  *  3S& 


Figure  380.  Final  Modified  Conventional  Liner,  Modification  "A”  at 
Nonregenerative  40%  Power  -  32%  Closed  DZ. 
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TflS  COMBUSTOR  EXPERIMENTS  •  RIG  B/U  59,  TEST  SERIES  60,  READING  •  B30 

T63  MODIFIED  CONVENTIONAL  LINER#  MOD  "A*  AT  STD,  70S  INLET  CONDITIONS,  ! 

TEST  OATEt  7-10-72  READING  NAS  TAKEN  AT  1944149  HOURS 

i 

CYCLE  POINT  5  VARIABLE  GEOMETRY  SB  X  CLOSED  40  X  POWER  SETTING  j 

*****  EXPERIMENTAL  CONDITIONS  *****  j 

BURNER  AIR  FLOM  2,510  LB/SEC  AVG  BURNER  INLET  TEMP  300.  DEG  F  ) 

AV6  BURNER  INLET  PRES  63,0  PSIA  AVG  BURNER  OUTLET  TEMP  1206,  DEG  P  ] 

AVG  BURNER  DELTA  P  4,72  "MG  PRESSURE  LOSS  3,61  X  „  i 

OVERALL  f/A  RATIO  ,01300  (F/M)  FUEL  FLOW  RATE  110.73  LB/HR  j 

AIR  LOAD  FACTOR  1,1573  PATTERN  FACTOR  ,30322  i 

BOT  HOT  SPOT  I  «  26  ■  1451.  OEG  F  MAX  BOT  /  AVG  BOT  1,2031 

FUEL  INLET  TEMPERATURE  105,  DEG  F  FUEL  INLET  PRESSURE  339,2  P81A  j 

MEAT  LOADING  PARAMETER  ,40387E*07  BTU/HQUR/ATM/CUBIC  FOOT  fcj 

**«•  BURNER  OUTLET  TEMPERATURE  SURVEY  •***  f 

ID  TEMP  10  TEMP  10  TEMP  ID  TEMP  10  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  1  2  1129,  6  222,  IS  1233,  10  1029,  24  1259.  27  1370.  36  1302, 

ANNULUS  2  4  1224,  7  1405,  16  1224,  21  16B5.  29  1397.  34  1419,  37  1342,  ; 

ANNULUS  3  9  1260.  14  1200,  17  1111,  22  1162,  26  1451.  39  1284,  39  1192,  1 

J 

RIGHT  SIDE 
63.77  PSIA 
63.06  PSIA 
.06  "HG 

398,  OEG  P 
112.00  FT/8EC 
•.144  "HG 

AIR  FLOW  QAT A l  P-R|F*  104,1  PSIA  DELTA  P*  2,07  "HG  T»REF*  93,  OEG  7 

fuel  system  oatai 

fuel  ft M  FREQUENCY  439,  HZ  VOLUMETRIC  FLOW  RATE  19,22  GAL/HR 

FUEL  PRESSURE  AT  F/m  443,1  PSIA  FUEL  TEMP  AT  F/M  99,  DEG  F 

**  MISCELLANEOUS  TRANSDUCER  READINGS  ** 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  61,44  P»IA 
COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  82,38  PSIA  (XOUCER  «  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  4,69  "MG  (XOUCER  «  13) 


*  CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SAMPLES  TAKEN  IN  PLANE  «! 


C02 

2,975 

X 

02  17.400 

X 

CO 

267,9 

FFM 

CHX  2,1  PPH 

NO 

26.7 

PPM 

N02  0,7 

PPM 

NOX 

36,9 

FPH 

(NO (NOXR)  ♦  NOS (NOUV) 3 

NO 

.0 

PPM 

N02  ,0 

PPM 

NOX 

FPH 

(  chemiluminescence  ) 

'  | 

EMISSIONS 

INDEX 

#  LB/1000  LB 

FUEL! 

CO* 

20,16 

CHX*  ,88 

CHEMILUMINESCENCE  NOX*  ,69#  NOXR  *  NOUV  N3X*  4,46 


CALCULATED  PUCL/AIR  RATIO  FROM  CHEMICAL  ANALYSI6I  ,118416 

CALCULATED  COMOU8TXON  EFFICIENCY  FROM  CHEMICAL  ANALYtlll  09,4703  X 
CHECK  ON  F/A  RATIO-  F/A  ■  ,612424  M/0  02,  CALCULATED  01  ■  17,39}  I 

•  HOKE  INDEX l  S4»0 

ialtzhan  nox  *  32. 3\  3.97 


Figure  381.  Final  Modified  Conventional  Liner,  Modification  "A"  at 
Nonregenera t-ive  40%  Power  -  50%  Closed  DZ. 
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LEFT  SIDE  ***  AIR  INLET  TUBE  CONDITIONS  *•• 

TOTAL  PRESSURE  63,79  PSIA  TOTAL  PRESSURE 

STATIC  PRESSURE  63,30  PSIA  STATIC  PRESSURE 

VELOCITY  DELTA  P  ,72  "HG  VELOCITY  DELTA  P 

AIR  TEMPERATURE  300,  OEG  f  AIR  TEMPERATURE 

AIR  VELOCITY  128,15  FT/SEC  AIR  VELOCITY 

DIFFERENTIAL  PRESSUREl  ((LEFT  P-T0TAL)-(RIGHT  P-TOTAL)) 


iajfcnJ.i.iMw  *■*<***■*»**■*» 


TB3  COMBUSTOR  EXPERIMENTS  •  RIG  B/U  90,  TEST  SERIES  SB,  READING  *  SSI 
TBS  MODIFIED  CONVENTIONAL  LINER,  MOD  "A*  AT  STD,  TSS  INLET  CONDITIONS, 
TEST  DATE!  7-19-72  READING  MAS  TAKEN  AT  88S7I43  HOURS 

CYCLE  POINT  9  VARIABLE  GEOMETRY  78  X  CLOSED  41  X  POWER  SETTING 


*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  FLOW  2,948  LB/SEC  AV6  BURNER  INLET  TEMP  3*7,  DEG  P 

AVG  BURNER  INLET  PRES  63,8  PS1A  AV6  BURNER  OUTLET  TEMP  ISIS,  0E6  P 

AVG  BURNER  DELTA  P  4,98  "MG  PRESSURE  LOSS  3. S3  X 

OVERALL  F/A  RATIO  .01308  (P/M)  FUEL  PLOW  RATE  119,99  LB/NR 

air  load  factor  i.ibbt  pattern  pactor  ,S4S9i 

SOT  HOT  SPOT!  R  26  *  1409,  DEG  P  MAX  SOT  /  AVG  BOT  1,1638 

FUEL  INLET  TEMPERATURE  108.  DEG  P  FUEL  INLET  PRESSURE  337,7  P8IA 

HEAT  LOADING  PARAMETER  ,40737E*07  BTU/HOUR/ATM/CUBIC  POOT 


•***  BURNER  OUTLET  TEMPERATURE  SURVEY  •*•* 

ID  TEMP  10  TEMP  ID  TEMp  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  1  2  1096.  6  264.  19  1291.  19  1014,  24  1299  S7  1390,  IS  13B9, 
ANNULUS  2  4  1198.  7  1332.  16  1232,  21  1149,  29  1399.  34  tlB9,  37  1342, 
ANNULUS  3  9  1221,  14  1331,  17  USB,  22  1898,  86  1409.  39  13SB,  39  US7, 


LEPT  SXOE  ***  AIR  INLET  TUBE  CONDITIONS  **• 

TOTAL  PRESSURE  63,79  PSIA  TOTAL  PRESSURE 

STATIC  PRESSURE  63,39  PSIA  STATIC  PRESSURE 

VELOCITY  DELTA  P  ,69  ”HG  VELOCITY  DELTA  P 

AIR  TEMPERATURE  397.  OEG  P  AIR  TEMPERATURE 

AIR  VELOCITY  142.79  PT/SEC  AIR  VELOCITY 

DIFPERENTIAL  PRESSUREI  KLEPT  P*TOTAL)» (RIGHT  P-T0TAD1 


NIGHT  SIDE 
S3, SB  PSIA 
93,99  PSIA 
,91  "NS 

398.  0X6  P 

119,80  PT/SEC 
*,129  "hg 


AIR  PLOW  DATAI  P-REF*  104,4  PSIA  DELTA  P*  3,81  "HG  T*REP>  *1,  DIG  P 
PUEL  SYSTEM  DATAI 

PUEL  P/M  FREQUENCY  444,  MZ  VOLUMETRIC  PLOW  RATE  16,44  GAL/HR 

PUEL  PRESSURE  AT  P/M  494,8  PSIA  FUEL  TEMP  AT  P/M  IBS,  OEG  P 

**  MISCELLANEOUS  TRANSDUCER  READINGS  *• 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  61.30  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  68,26  PSIA  (XOUCIR  «  11) 

BURNER  OIPPERENTIAL  TOTAL  PRESSURE  4,91  "NS  (XOUCER  «  13) 


•  CHEMICAL  ANALYSIS  RESULTS  * 

GAS  SAMPLES  taken  IN  PLANE  Ml 

COB  2.979  %  02  17,600  X  CO  281,3  PPM  CHX  2,9  PPM 

NO  23,2  PPM  N02  16,1  PPM  NOX  39,4  PPM  (NO(NOIR)  *  N08(N0UV)) 

NO  .9  PPM  NOB  ,9  PPM  NOX  ,9  PPM  (  CHEMILUMINESCENCE  ) 

EMISSIONS  INDEX,  L6/10BB  LS  PUELI  CO*  81,07  CHX*  ,34 

CHEMILUMINESCENCE  NOX*  ,88,  NOIR  *  NOUV  NOX*  4,04 


CALCULATED  FUEL/AIR  RATIO  PROM  CHEMICAL  ANALVSISI  ,018309 

CALCULATED  COMBUSTION  EPPICIENCV  PROM  CHEMICAL  ANALVSISI  09,4408  I 
CHICK  ON  //A  RATIO-  P/A  ■  ,912431  M/0  08,  CALCULATED  01  •  17,880  | 

SMOKE  INOEXt  5*3*0 

. III! . 


Figure  382.  Final  Modified  Conventional  Liner,  Modification  "A"  at 
Noriregenerative  4096  Power  -  72%  Closed  DZ. 
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T63  C0M8U3T0R  EXPERIMENTS  -  RIG  B/U  SB,  TEST  SERIES  SB,  READING  *  122 

T6S  HOOIHEO  CONVENTIONAL  LINER,  MOO  "A*  AT  STO.  T63  INLET  CONDITIONS, 
TEST  DATE  I  7-20-72  READING  HAS  TAKEN  AT  U82II2  HOURS 

CYCLE  POINT  4  VARIABLE  GEOMETRY  32  X  CLOSEO  SS  X  PONER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  FLO*  2,737  LB/SEC  AVG  BURNER  INLET  TEMP  43R,  0E6  P 

AVG  BURNER  INLET  PRES  71.2  PSIA  AVG  BURNER  OUTLET  TEMP  1374,  0EG  P 

AVG  BURNER  DELTA  P  4.79  "HG  PRESSURE  LOSS  3.31  X 

OVERALL  F/A  RATIO  ,21454  (F/M)  FUEL  PLOH  RATE  143, 2B  Ll/HP 

AIR  LOAD  FACTOR  1,1464  PATTERN  FACTOR  .3S117 

BOT  HOT  SPOT  I  4  26  *  1658,  OEG  F  MAX  BOT  /  AVG  80T  1,2070 

fuel  inlet  temperature  iso.  deg  f  fuel  inlet  pressure  4st,s  psia 

meat  LOADING  PARAMETER  ,4362BE*S7  BTU/HOUR/ ATM/CUBIC  FOOT 

*«**  BURNER  OUTLET  TEMPERATURE  SURVEV  ••** 

ID  TEMP  10  TEMP  ID  TEMP  ID  TEMP  10  TEMP  ID  TEMP  10  TEMP 
ANNULUS  1  2  1BB1,  6  1378.  IS  1429,  IB  1BS4,  24  1373,  27  199B,  36  14BB, 

ANNULUS  2  4  1222,  7  1487,  16  1391,  21  1172,  29  1944,  34  1637,  37  IBIS, 

ANNULUS  3  5  1319,  14  194«,  17  1248,  22  1166.  26  1696,  39  149B.  SB  1266, 

LEFT  SIDE  ***  AIR  INLET  TUBE  CONDITIONS  •*•  RIGHT  HOC 

TOTAL  PRESSURE  71. IB  PSIA  TOTAL  PRESSURE  71,11  RBI A 

STATIC  PRESSURE  70,66  PSIA  STATIC  PRESSURE  7«,B7  PSIA 

VELOCITY  DELTA  P  .66  "MG  VELOCITY  DELTA  P  ,7f  "MB 

AIR  TEMPERATURE  42B.  OEG  P  AIR  TEMPERATURE  43S,  Ot(  * 

AIR  VELOCITY  112, B6  FT/BfC  AIR  VELOCITY  121,16  PT/IIC 

DIFFERENTIAL  PRESSUREl  ((LEFT  P-T0TAL)*(RI6HT  F-TOTAL))  -.073  "MB 

AIR  FLOM  OAT  A l  P.RfF*  163, S  PSIA  OElTA  P*  3.61  "HG  T-REP*  126,  OEG  P 

fuel  system  oatai 

FUEL  F/m  FREQUENCY  92S.  M2  VOLUMETRIC  FlON  RATE  23,1*  GAL/HR 

FUEL  PRESSURE  AT  P/M  931,4  PSIA  FUEL  TEMP  AT  P/M  Sf.  Oil  F 

*•  MISCELLANEOUS  TRANSDUCER  REA0IN6S  •* 

MANIFOLO  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  68, 14  PSIA 

COMIUSTOM  OUTER  CASE  STATIC  PRESSURE  66,6t  PSIA  (XOUCIR  •  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  4,76  "H#  (XDUCKR  •  IS) 


•  CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SANPLIS  TAKEN  IN  PLANE  *1 


CQ2 

2.791  X 

02 

14. SIB  X 

CO 

221,1 

PPN 

CNX  1,6  PPM 

NO 

43.7  PPM 

N02 

,6  PPM 

NOX 

33,7 

PPM 

INO(NOIR)  ♦  NOB (NOUV)) 

NO 

,0  PPM 

Nca 

,1  PPM 

NOX 

.1 

PPN 

(  CHEMILUMINESCENCE  ) 

EMISSIONS  INOEX,  LS/1B0B  LB  FUEL!  CO*  18, SS  CMX*  ,|S 

CHEMILUMINESCENCE  NOX*  ,SS,  N01R  ♦  NOUV  NOX*  S,74 

CALCULATED  PUlL/AIR  RATIO  PROM  CHEMICAL  ANALYSIS!  ,118111 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  •S,IBIS  I 
CHECK  ON  F/A  RATIO-  F/A  ■  ,813236  M/0  02,  CALCULATED  02  •  17.11)  I 

SMOKE  INOEX!  0.19 

. !!!!- . 


Figure  383.  Final  Modified  Conventional  Liner,  Modification  "A"  at 
Nonregenera tive  5596  Power  -  3296  Closed  DZ. 
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m  COMBUSTOR  EXPERIMENTS  -  RI6  8/U  50,  TEST  SERIES  <0,  REAOING  *  823 

T03  MODIFIED  CONVENTIONAL  LINER,  MOO  AT  STO,  T63  INLET  CONDITIONS, 

TEST  DATE  I  7-2e-?2  READING  NAS  TAKEN  AT  1139188  HOURS 


CYCLE  POINT  4  VARIABLE  GEOMETRY  50  X  CLGSEO  SS  X  POWER  SITTING 


••***  EXPERIMENTAL  CONDITIONS  *•••• 


BURNER  AIR  FLOS 

2,747 

lb/sec 

AVG  BURNER  INLET  TEMP 

431, 

DEG  • 

AVG  BURNER  ISLET  PRES 

71.2 

PSIA 

AVG  BURNER  OUTLET  TEMP 

1387, 

OEG  P 

AVG  BURNER  DELTA  P 

5,78 

■MG 

PRESSURE  LOSS 

3,98 

X 

OVERALL  F/A  RATIO  , 

01442 

(P/M) 

FUEL  FLOW  RATE 

142.58 

LB/HR 

AIR  LOAD  FACTOR  1 

.1907 

PATTERN  FACTOR 

,28638 

SOT  MOT  SPOT!  A  54  ■ 

1904, 

OEG  F 

MAX  SOT  /  AVG  SOT 

1.1423 

FUEL  INLET  cNPERATURE 

97. 

OEG  F 

FUEL  INLET  PRESSURE 

428.7 

P8IA 

HEAT  LOADING  PARAMETER  ,43379£*S7  BTU/MOUR/ATM/CU0IC  ROOT 

*«*»  BURNER  OUTLET  TEMPERATURE  SURVEY  *tt*t 
ID  TEMP  JO  TEMP  10  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  i  2  1394,  S  13SS.  18  1384.  10  1180,  24  1482,  *7  1533,  38  1488, 

ANNULUS  2  4  1270,  7  1409,  18  1371.  21  1231,  28  1830.  34  1894,  37  1403, 

ANNULUS  3  9  1288.  H  1430,  17  1290,  22  1204,  26  1902,  39  1914,  30  1391, 


LEFT  SIDE 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


•  **  AIR  INLET  TUBE  CONDITIONS  ««« 


71.21  PSIA 
70,08  PSIA 
,68  *N8 

430,  0E6  P 

110,87  PT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VtLOCITY 


DIFFERENTIAL  PRESSURE!  ((LEFT  P*TOTAl>. (RIGHT  P«T0TALJ1 


RIGHT  SIDE 
71,20  PSIA 
70,68  PSIA 
.01  "M0 

431,  0ES  F 
131,28  PT/SEC 
•,004  •NS 


AIR  FLOW  DATA  I  P«REP«  103.4  PSIA  DELTA  P>  3,69  'MG  T-R(F«  190,  0ES  F 
fuel  system  oatai 

fuel  F/M  FREQUENCY  927,  Ml  VOLUMETRIC  FLOW  RATE  23,07  GAL/MR 

FUEL  PRESSURE  AT  F/M  979,7  PSIA  FUEL  TEMP  AT  P/N  90,  OSS  P 


••  MISCELLANEOUS  TRANSDUCER  RCAOIN60  •  • 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  00,49  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  00. 73  PSIA  (IOUCIR  •  It) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  9,73  *M0  (SOUCER  •  IS) 


•  CHEMICAL  ANALTItl  RESULTS  « 

gas  samples  taken  in  plane  «t 


CQ2 

3,804  X 

02 

14,212  X 

CO 

249,0 

PPM 

CMX  ,2  PPM 

NO 

27,4  PPM 

N02 

,1  PPM 

NOX 

27.4 

PPM 

(NO(MOIR)  ♦  NQ2(N0UV)1 

NO 

,0  PPM 

402 

.0  PPM 

NOX 

.« 

PPM 

t  chemiluminescence  ] 

EMISSIONS  INDEX,  LS/199S  LI  FUELI  CO*  16,07  CNX>  ,00 

CHEMILUMINESCENCE  NOX*  ,00,  NOIR  ♦  NOUV  NOX*  1,07 


CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  .910401 

CALCULATED  COMIUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS*  00,0000  X 
CHECK  ON  F/A  RATIO*  F/A  •  ,014420  M/0  01,  CALCULATED  01  •  10,707  X 


IMOKE  INDEX!  J3f.it 
SALTZMAN  NOX  'Us 


Figure  384.  Final  Modified  Conventional  Liner*  Modification  "A”  at 
NonrCgenerative  S5X  Power  -  SOX  Closed  DZ. 
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T93  COMBUSTOR  EXPERIMENTS  -  RIG  B/U  99*  TEST  SERIES  99,  REA0IN6  *  984 

T63  MODIFIED  CONVENTIONAL  LINER*  NOO  "A"  AT  BTO.  T63  INLET  CONDITION*, 
TEST  OATEt  7-89*78  READING  NAt  TAKEN  AT  1893138  NOUNS 

CYClE  POINT  4  VARIABLE  GEOMETRY  78  %  CLOSED  99  X  POWER  SETTINB 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  FLOW  8.719  LB/8EC  AVG  BURNER  INLET  TEMP  43B.  OEG  P 

AVG  BURNER  INLET  PRES  71.4  P8IA  AVG  BURNER  OUTLET  TEMP  1394.  DEG  P 

AVG  BURNER  DELTA  P  9.47  "HG  PRESSURE  LOSS  4.49  X 

OVERALL  F/A  RATIO  .BI498  (F/R)  FUEL  PLOW  RATE  148.91  LI/NR 

AIR  LOAO  FACTOR  1.1319  PATTERN  FACTOR  .34993 

BOT  MOT  SPOTI  *  34  •  1731.  OEG  P  MAX  BOT  /  AVG  BOT  1.8413 

FUEL  INLET  TEMPERATURE  194.  OEG  P  FUEL  INLET  PRESSURE  439.7  PSIA 

NEAT  LOADING  PARAMETER  .43874E*97  BTU/HOUR/ATN/CUBIC  FOOT 

*•••  BURNER  OUTLET  TEMPERATURE  SURVEY  *•** 

10  TEMP  10  TEMP  19  TEMP  10  TEMP  ID  TEMP  SO  TEMP  SO  TEMP 
ANNULUS  1  8  1873.  9  1893.  19  1394,  19  11*3,  84  1837,  »7  1498.  39  1994. 

ANNULUS  8  4  1878.  7  1849.  19  1348.  81  1889,  89  1091,  34  1731,  37  1B99, 

AMNijluS  3  9  1819.  14  1414,  17  1873,  88  1399,  89  1493,  39  1999.  39  1499, 

LEFT  SIDE  AIR  INLET  TUBE  CONDITIONS  aa*  RIGHT  SIDE 

TOTAL  PRESSURE  71.44  PSIA  TOTAL  PRESSURE  71,44  PSIA 

STATIC  PXESSURC  71,93  PSIA  STATIC  PRESSURE  71.14  PSIA 

VELOCITY  DELTA  P  .99  *NG  VELOCITY  DELTA  P  .SB  "MG 

air  TEMPERATURE  439.  OEG  F  AIR  TEMPERATURE  439.  OEG  P 

AIR  VELOCITY  133,98  PT/SEC  AIR  VELOCITY  118,77  PT/SEC 

DIFFERENTIAL  PRESSURE!  ((LEFT  P-TOTAD* (RIGHT  P-TOTAD)  .917  "HG 

AIR  PLOW  DATA!  P.REFa  193.9  PSIA  OELTA  P*  3.99  "HG  T*REP«  119.  OEG  P 

FUEL  SYSTEM  DATA! 

FUEL  P/M  PREOUENCY  988.  NX  VOLUMETRIC  PLON  RATE  81.11  9AL/MR 

FUEL  PRESSURE  AT  F/N  999.9  PSIA  FUEL  TEMP  AT  P/M  191.  OES  P 

••  MISCELLANEOUS  TRANSDUCER  READINGS  «• 

MANIFOLD  average  BURNER  OUTLET  TOTAL  PRESSURE  99.89  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  99.97  PSIA  (XOuCER  »  It) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  9,4*  "MS  (XOUCER  S  19) 

•  CHEMICAL  ANALYSIS  RESULTS  • 
gas  samples  taken  in  plane  ri 

C08  3.199  X  08  13,899  X  CO  837.9  PPM  CHX  1,4  PPM 

NO  89,1  PPM  N08  .9  PPM  MOX  89.1  PPM  (NO(NDIR)  ♦  NOl(NDUV)) 

NO  ,9  PPM  N08  .9  PPM  NOX  ,9  PPM  t  CHEMILUMINESCENCE  | 

EMISSIONS  INDEX*  LS/1999  L9  PuEl!  COr  18.89  CMXR  .19 

CHEMILUMINESCENCE  nOxr  ,99*  N01R  ♦  NDUV  NOXR  3,19 

CALCULATED  PUEl/AIR  RATIO  PROM  CHEMICAL  ANALYSIS!  .917117 

CALCULATED  COMBUSTION  EFFICIENCY  prom  CHEMICAL  ANALYSIS!  39,9899  B 
CHECK  ON  P/A  RATIO*  P/A  R  .914999  M/0  08,  CALCULATED  08  R  19.999  I 

SMOKE  IN0EX1  4163 

_ ...!!! . ............. 


figure  38S.  Final  Modified  Conventional  Liner,  Modification  "A"  at 
Nonregenera tive  SSK  Power  -  70%  Closed  DZ. 
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T63  COMBUSTOR  EXPERIMENTS  -  RIG  B/U  90,  TEST  SERIES  SO,  READING  «  S25 

TS3  MODIFIED  CONVENTIONAL  LINER,  MOO  •A*  AT  STO,  TSS  INLET  CONDITIONS, 
TEST  DATE  I  7-2S-7P  READING  NAS  TAKEN  AT  1232141  HOURS 

CVCLC  POINT  3  VARIABLE  GEOMETRY  SR  X  CLOSED  79  S  POKER  SETTING 

«*<*»  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  FLO*  2.906  LB/SEC  AV6  BURNER  INLET  TEMP  473,  DEG  P 

AVG  BURNER  INLET  PRES  SS.S  PSIA  AV6  BURNER  OUTLET  TEMP  196S,  DEG  P 

AVG  BURNER  DELTA  P  6,22  “MC  PRESSURE  LOSS  3,7S  t 

OVERALL  P/A  RATIO  .S1B67  (P/M)  FUEL  PLON  RATE  177,06  LB/HR 

AIR  LOAD  FACTOR  1,!219  PATTERN  PACTpR  ,tl9S3 

SOT  HOT  SPOTS  *  26  •  ISIS.  DEG  P  MAX  SOT  /  AVG  GOT  1,18*7 

FUEL  INLET  TEMPERATURE  til.  OEG  P  FUEL  INLET  PRESSURE  518,8  PSIA 

NEAT  LOA0IN6  PARAMETER  ,47747E«*7  BTU/N0US/ATN/CU1IC  FOOT 

»*«•  BURNER  OUTLET  TEMPERATURE  SURVEY  *••* 

ID  TEMP  10  TEMP  ID  TEMP  ID  TEMP  10  TEMP  20  TEMP  ID  TEMP 
ANNULUS  1  2  1430.  6  19S4,  19  1981.  }9  1311,  24  19S2,  <7  III#.  38  1984, 

ANNULUS  2  4  19211.  7  1942.  16  19S6.  It  1377.  IS  1711,  34  1714,  37  t«8S, 

ANNULUS  3  9  191<>.  14  1669.  17  14«»,  22  1412.  IS  IMS.  39  |S93,  39  1948, 

LEFT  SIDE  **•  AIR  INLET  TUBE  CONDITION*  *t*  RIGHT  SIDE 

TOTAL  PRESSURE  IS. 79  PSIA  TOTAL  PRESSURE  68,11  P8IA 

STATIC  PRESSURE  IS, 35  PSIA  STATIC  PRESSURE  SR. 39  PIIA 

VELOCITY  DELTA  P  ,19  *M6  VELOCITY  OELTA  P  ,88  "NS 

AIR  TEMPERATURE  473,  OEG  P  AIR  TEMPERATURE  474,  0C6  P 

AIR  VELOCITY  132,27  PT/8SC  AJR  VELOCITY  18R.R1  PT/IEC 

DIFFERENTIAL  PRESSURES  ((left  P*TOTAL)-(RIGMT  P. TOTAL))  *,938  *M8 

AIR  PLOM  OATAS  P.RfF*  192,9  PSIA  OELTA  P*  4,33  *HS  t«REP*  lit,  0(8  P 

fuel  system  oatai 

fuel  f/n  frequency  sst.  me  volumetric  flop  rate  ts.si  gal/mr 

FUEL  PRESSURE  AT  P/M  914,8  PSIA  PulL  TEMP  AT  P/N  184,  OEG  P 

M  MISCELLANEOUS  TRANSDUCER  REAOINSS  •* 

MANIPOLO  AVERAGE  GuRnER  OUTLET  TOTAL  PRESSURE  77,74  PGM 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  79,84  PSIA  (XOUCfR  •  11) 

•URnCR  DIFFERENTIAL  TOTAL  PRESSURE  9,11  (SOuCtR  •  13) 


«  CMINICAL  ANALYSIS  RESULTS  t 

Gas  samples  Taken  in  Plane  *1 


cot 

3.313  S 

02 

IS. 798  1 

CO 

187,7 

PPN 

CMS  ,9  PPN 

NO 

41,9  PPM 

NO! 

•  8  PPM 

NOS 

Alt* 

PPN 

(NO(NDIR)  ♦  NOR (NOUV)} 

NO 

«S  PPM 

Noa 

,8  PPM 

NOS 

«• 

PPM 

t  CHEMILUMINESCENCE  ) 

EMISSIONS  INOCX,  LS/ltSf  LS  PuEli  CO*  11,87  CMS*  ,*8 

CMEMILUMINESCENCI  nos*  ,88«  NOIR  #  NOUV  NOS*  4,1* 

CALCULATED  FUEL /AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,tl897t 

CALCULATED  COMBUSTION  EFFICIENCY  PROM  CHEMICAL  ANALYSIS!  §8,7191  S 
CHECK  on  P/A  RATIO*  P/A  •  ,•19646  M/0  01,  CALCULATED  08  •  11,378  S 

SMOKE  1N0EII 

9ALTXNAN  NOS  •  5/. 3  PPM  £.£.  » 


figure  386.  Final  Modified  Conventional  Liner,  Modification  "A"  at 
Nonregene native  75%  Power  -  SOX  Closed  D2. 
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Ttf 3  COMBUSTOR  EXPERIMENTS  *  RIG  B/U  38,  TEST  SERIES  68,  BEADING  *  686 

TBS  MOOIHEO  CONVENTIONAL  LINEN ,  NOD  "A*  AT  8T0.  TBS  INLET  CONOITID' 
TEST  OATEl  7-JT  2  READING  NAB  TAKEN  AT  1882*48  HOURS 

CYCLE  POINT  S  VARIABLE  GEOMETRY  32  8  CLOSED  73  8  POME*  SETTING 

mu  EXPERIMENTAL  CONDITIONS  «un 

BURNER  AIR  PLON  3.836  LB/SEC  AV6  BURNER  INLI T  TEMP  471,  0K6  P 

AV6  BURNER  INLET  PRES  18,7  PSU  AV6  BURNER  OUTLET  TEMP  1338.  DEG  P 

AV6  BURNER  OELTA  P  3,38  *MG  PRESSURE  LOSS  3,RR  8 

OVERALL  P/A  RATIO  ,8)624  (f/Ml  FUEL  PLON  RATE  177,88  LB/HR 

AIR  LOAO  /ACTOR  1,1476  PATTERN  P ACTOR  ,34837 

SOT  HOT  SPOT  I  *  86  •  1682,  OEG  P  MAS  BOT  /  AVG  BOT  1,2371 

PUEL  INLET  TEMPERATURE  123,  OEG  P  PuEL  INLET  PRESSURE  988,8  PStA 

MEAT  LOADING  PARAMETER  ,47S8SE*67  3TU/MOUR/ ATM/CUBIC  POOT 

utt  BURNER  OUTLET  TEMPERATURE  SURVEY  •  ••• 

.0  TEMP  10  TEMP  ID  TEMP  ID  TEMP  10  TEMP  10  TEMP  ID  TEMP 
ANNULUS  1  2  1238,  S  1981,  18  1931,  12  USB,  24  l?33,  27  1719,  38  1684, 

ANNULUS  2  4  1383,  »  IMS,  16  1948,  21  1188,  29  1738,  34.1831,  37  1849, 

ANNULUS  3  9  1467,  14  1688,  17  1339,  22  1288,  26  1822,  39  1946,  39  1474, 

LCPT  S10E  **•  AIR  INLET  TUMI  CONDITIONS  RIGHT  SIOI 

TOTAL  PRESSURE  SB. 89  PSU  TOTAL  PRESSURE  SR, 79  P8U 

STATIC  PRESSURE  68.17  PSU  STATIC  PRESSURE  98. 4«  ASIA 

VELOCITV  DELTA  P  ,61  "mG  VELOCITY  OELTA  P  ,61  "MS 

AIR  TEMPERATURE  476,  DEG  P  AIR  U  RATuRE  471,  0(6  P 

AIR  VELOCITV  138,14  PT/SEC  AIR  VELOCITY  }6»,63  PT/SEC 

OIPPERENTUL  PRESSURE*  ItLtPY  P-YOTAtUtRUNT  P»fOT*L)l  •,G68  *M| 

AIR  PLON  DATA*  P.RfPA  182,8  PSU  DELTA  P»  4,63  »MG  T.REP*  112,  OEG  P 

PUEL  ITSTEm  DATA  1 

PUEL  P/n  PREOUENCV  S9l,  Ml  VOLUMETRIC  P'.ON  RATE  28, 86  GAL/MR 

PUEL  PRESSURE  AT  P/M  833,8  PSU  PUlL  T|MP  AT  P/M  |68,  OEt  P 

••  MISCELLANEOUS  TRANSDUCER  READINGS  •* 

MAMPOLO  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  76,63  PtU 

combustor  outer  case  static  pressure  78.83  psu  uoucir  •  id 

8URNE8  OtPPCRENTUL  TOTAL  PRESSURE  9.34  *MG  (lOUClt  •  |3) 

•  CHEMICAL  ANALV6I9  RESULTS  • 

gas  samples  taken  in  plane  «i 


cot 

3,684  t 

02 

16,666  t 

CO 

183,4 

PPM 

CHI  ,8  PPM 

NO 

48,8  PPM 

NOt 

.8  PPM 

NCX 

48.8 

PPM 

tNO(WOtR)  »  NOtUOUVlt 

NO 

,S  PPM 

Noa 

,6  PPM 

NOX 

.* 

PPM 

e  CMfMlLUNtNtPCCNCt  I 

EMISSIONS  INDEX,  Lt/lPSS  L6  PUiL*  CO*  11,16  Cm|»  ,67 

CMENtLUMfNESCENCC  NOP*  ,66,  ROU  •  NOUV  MOP*  4,68 

CALCULATED  PUtL/AIR  RATIO  PROM  CHEMICAL  ANALYSIS*  ,614333 

CALCULATED  COMBUSTION  CPPKIEnCT  PROM  CMEMICAL  ANALYSIS*  66, 8666  t 
CHECK  On  P/A  RATIO*  P/A  •  ,614368  M/e  Ot,  CALCULATED  02  *  18,682  t 

SMOKE  UOIII  £?>«£* 

SALtlMAM  NOP  •  5/,7  PPM  £•£*  5" 


Figure  387.  Final  Modified  Conventional  Liner,  Modification  "A" , 
at  Hon re generative  75%  Power  -  32%  Closed  OZ. 


T63  COH§uSTOR  EXPERIMENTS  -  RIG  B/U  39,  TEST  SERI!)  <9,  READING  «  127 

TBS  MOOIFIED  CONVENTIONAL  LINER,  NOD  AT  STD,  TBS  INLET  CONDITIONS, 

TEST  OATEt  7-29-72  READING  NAS  TAKEN  AT  13191  1  HOURS 

CTCl*  POINT  2  VARIABLE  GEOMETRY  32  X  CLOSED  IBB  X  ROVER  SETTING 

«*•**  EXPERIMENTAL  CONDITIONS  •  •*** 

BURNER  AIR  PLOW  3,233  LB/SEC  AV6  BURNER  INLET  TEHR  322,  0E6  R 

AVG  BURNER  INLET  RRCS  91,9  RSIA  AV6  BURNER  OUTLET  TEMR  174B,  DEG  R 

A VC  BURNER  DELTA  R  3,39  "NG  PRESSURE  LOSS  3, SB  X 

OVERALL  R/4  RATIO  .81946  (F/N)  FUEL  RlOd  RATE  82B.82  LS/MR 

AIR  LOAD  FACTOR  1,1131  PATTERN  FACTOR  .33B8S 

BOT  HOT  SPOT  I  *  26  *  2133,  DEG  F  MAX  BOT  /  AV6  SOT  i.2St« 

FUEL  INLET  TEMPERATURE  119,  DEG  F  FUEL  INLET  PRESSURE  882,2  PSXA 

HEAT  LOAOING  PARAMETER  ,93987E«S7  BTU/HOUR/ATM/CUBIC  FOOT 

•  to  BURNER  OUTLET  TEMPERATURE  SURVEY  oo 
ID  TEMP  10  TEMP  10  TEMP  10  TEMP  10  TEMP  10  TEMP  ID  TEMP 
ANNULUS  1  2  1489.  8  1734,  13  1783,  19  14BS,  24  1772,  27  iB8B,  36  1742, 

ANNULUS  2  4  1979,  7  1944,  18  1798.  21  1483,  28  1978,  34  2113,  37  1773, 

ANNULUS  3  3  1662.  14  1873.  17  1619.  22  1892,  26  9183,  33  i§47,  39  1882. 

LEFT  SIOE  to  AIR  INLET  TUBE  CONDITIO*!  ,o  RIGHT  SIOC 

TOTAL  PRESSURE  91,88  PSIA  TOTAL  PRESSURE  98,98  PSIA 

STATIC  PRESSURE  98,66  PSIA  STATIC  PRESSURE  98  49  PSIA 

VELOCITY  DELTA  m  ,63  “MG  VELOCITY  OElTA  P  1,86  *NG 

AIR  TEMPERATURE  321.  016  P  AIR  TEMPERATURE  322,  0(6  K 

AIR  VELOCITY  168,68  FT/8EC  AIR  VELOCITY  146.46  FT/SEC 

DIFFERENTIAL  PRESSURE!  UlEFT  F-T0TAL)*(RICMT  F*T0T»l)1  ,632  *M6 

AIR  FLOM  OATAl  P-R(F*  182,4  PSIA  OELTA  P#  3.16  MG  T-REF*  US.  0(6  9 

fuel  »ystem  oatai 

FUEL  F/M  FREQUENCY  646,  Ml  VOLUMETRIC  FLOM  RATI  38,66  IAL/NR 

Fuel  MRCSSURE  AT  F/N  663.6  RIIA  FuiL  temp  at  F/M  196,  516  F 

••  MISCELLANEOUS  TRANIOUCER  Rt A0IN68  •• 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  FRIS8URI  68,24  P8tA 

COMBUSTOR  OUTER  CASE  STATIC  RRESSVRC  68,48  P8U  tlOuCIR  f  11) 

burner  differential  total  pressure  9,bi  «mg  (soucir  «  m 

A  chemical  analysis  results  • 

GAS  SanplES  Taken  IN  plane  *1 


cot 

•  3,694  X 

02 

19,669  t 

CO 

113,7 

PPM 

CMI  ,6  PPM 

NO 

71,9  PP" 

NOt 

,9  PPM 

NOX 

71.9 

PPN 

(N0IN0I6)  ♦  NOf (NOUV)I 

NQ 

,*  PP« 

NOl 

,9  PPM 

NOl 

,9 

PPM 

I  €Ht»ILUMlM|»CENCE  I 

EMISSIONS  IU0EI,  LS/1606  LI  FUEL!  CO*  «,2«  Cmi*  ,66 

CHfMlLUHlNf SCEnCE  nOi»  ,66,  NOl*  ♦  NOUV  Mix*  6,94 

CALCULATED  FuEl/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,616366 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  M.llll  S 
CHECK  ON  F/A  RATIO-  P/A  •  .BISSt*  M/0  02,  CALCULATED  02  •  19,667  « 

BROKE  I NOE ft  7 S./C 

64LTINAN  NOl  •  £  -r,  •  6-32 


Figure  388-  Final  Modified  Conventional  Liner,  Modification  “A”, 
at  Mon regenerative  100%  Power  -  32%  Closed  DZ. 
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763  COMBUSTC  ■  EXPERIMENTS  -  RIG  B/U  56,  TEST  SERIES  69,  READING  4  HI 
T63  MODIFIED  CONVENTIONAL  LINER,  MOO  "A"  AT  STD,  T65  INLET  CONDITIONS, 
TEST  DATES  7-26-72  READING  HAS  TAKEN  AT  133912!  KGUS2 

CYCLE  POINT  2  VARIABLE  GEOMETRY  56  X  CLOSED  110  X  PQNER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  FLOW  3.187  LB/SEC  AVG  BURNER  INLET  TEMP  924,  DEG  P 

AVG  BURNER  INLET  PRES  91.2  P5IA  AVG  BURNER  OUTLET  TEMP  1766.  DEG  P 

AVG  BURNER  DELTA  P  7.14  "HG  PRESSURE  LOSS  3.85  X 

OVERALL  F/A  RATIO  .01928  {P/M)  FUEL  PLOW  RATE  221,22  LG/HR 

AIR  LOAD  FACTOR  1.0969  PATTERN  P ACTOR  .34319 

BOT  HOT  SPOT t  «  34  •  2184.  DEG  P  MAX  BOT  /  AVG  BOT  1.2410 

FUEL  INLET  TEMPERATURE  136.  *EG  P  FUEL  INLET  PRESSURE  ,0  PSIA 

MEAT  LCAOING  PARAMETER  ,526s?.i*07  BTU/HOUR/ATM/CUBIC  FOOT 

****  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 

ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  1  2  1609.  6  l«n.  15  1696,  19  1401,  24  1729,  27  1935,  36  1924, 

ANNULUS  2  4  1634.  7  1720,  16  1667,  21  1484,  25  1872.  34  2184.  37  1969, 

«NNULUS  3  5  1616,  14  1787,  17  1510.  22  1510.  26  2030,  35  2101,  39  1036, 

LEFT  SIDE  ***  AIR  INLET  TUBE  CONDITIONS  ***  RIGHT  SIDE 

TOTAL  PRESSURE  91.12  PSIA  TOTAL  PRESSURE  91. IS  PSIA 

STATIC  PRESSURE  90.68  PSIA  STATIC  PRESSURE  90. Si  PSIA 

VELOCITY  DELTA  P  .91  "MG  VELOCITY  DELTA  P  ,74  "HG 

AIR  TEMPERATURE  523,  DEG  P  AIR  TEMPERATURE  525.  DEG  P 

AIR  VELOCITY  128.64  FT/SEC  AJR  VELOCITY  118,55  PT/SEC 

DIFFERENTIAL  PRESSURE l  {(LEFT  P-TOTAL)* {RIGHT  P-TOTAUl  -.118  "HG 

AIR  FLOW  DAT  A l  P-REF*  102.3  PSIA  DELTA  P*  5,04  "HG  T-REF"  114,  OEG  P 

fuel  system  OATAI 

FUEL  F/M  FREQUENCY  630.  HZ  VOLUMETRIC  FLOW  RATE  36,06  GAL/HR 

FUEL  PRESSURE  AT  F/M  674,1  PSIA  FUEL  TEMP  AT  F/M  111,  OEG  P 

**  MISCELLANEOUS  TRANSDUCER  READINGS  ** 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  07,64  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  89,07  PSIA  (XDUCER  «  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  7,08  "HG  (XDUCER  4  IS) 


•  CHEMICAL  ANALYSIS  RESULTS  4 
GAS  SAMPLES  TAKEN  IN  PLANE  *1 


C02 

3,840  X 

02 

15,700  X 

CO 

100,6 

PPM 

CNX  ,1  PPM 

NO 

69,6  PPM 

NOS 

.0  PPM 

NOX 

69,6 

PPM 

[NO (NDIR)  4  N02 (NDUV) ) 

NO 

,0  PPM 

N02 

.0  PPM 

NOX 

.0 

PPM 

(  CHEMILUMINESCENCE  ) 

EMISSIONS  INDEX,  LB/1000  LB  FUEll  CO»  5,55  CHX*  ,31 

CHEMILUMINESCENCE  NOX*  ,00,  NDIR  *  NDUV  NOX*  5.14 

CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,010223 

CALCULATED  COMBUSTION  EFFICIENCY  PROM  CHEMICAL  ANALYSIS!  99.8420  X 
CHECK  ON  F/A  RATIO*  P/A  •  ,010271  H/O  02,  CALCULATED  02  •  15,644  X 

SMOKE  INDEX ! 

SALTZM4N  NOX  •  ^2i3  PPM  S  •  T-  *  S.  Z2 


Figure  389.  Final  Modified  Conventional  Liner,  Modification  "A”, 
at  Nonregenerative  10096  Power  -  50%  Closed  DZ. 
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TABLE  LXXXIV.  COMBUSTOR  PERFORMANCE  STANDARD- LENGTH,  MODIFIED 
CONVENTIONAL  FINAL  DESIGN,  MODIFICATION  "A" 


UTY  CYCLE  POINT 


32%  Closed 
CO,  (ppm) 

H/C,  (ppm) 

N0x  (NDIR  +  NDUV)(ppm) 

N0x  (Saltzman)(ppm) 

Smoke  Number 

Pressure  Loss,  % 

T  /T 
max  avg 


50%  Closed 
CO,  (ppm) 

H/C,  (ppm) 

N0x  (NDIR  +  NDUV)(ppm) 

N0x  (3altzman)(ppm) 

Smoke  Number 

Pressure  Loss,  % 

T  /T 
max  avg 


70%  Closed 
CO,  (ppm) 

H/C,  (ppm) 

N0x  (NDIR  +  NDUV)(ppm) 

N0x  (Saltzman)(ppm) 

Smoke  Number 

Pressure  Loss,  % 

T  /T 
max  avg 


466.0  349. S 

32.0  7.3 

20.8  28.4 

20.8  25.6 

28.0  53.0 

4.03  3.26 

1.259  1.280 


449.9 

25.0 

17.9 

17.9 

25.0 

4.37 

1.150 


s 

4 

267.9 

228.1 

3.1 

1.8 

36.5 

— 

32.1 

39.9 

5S.0 

63.3 

3.17 

3.31 

1.233 

1.207 

267.9 

245.0 

2.1 

.8 

36.5 

32.3 

44.5 

54.0 

56.6 

3.63 

3.98 

1.203 

1.142 

281.3 

2.9 

■9 

39.4 

m ^ 

31.5 

43.9 

53.0 

49.6 

3.83 

4.45 

1.163 

1.241 

183.4 

.8 

51.7 

69.0 

3.28 

1.237 


187.7 

.5 

51.3 

63.7 

3.78 

1.151 


123.7 

.0 

76.0 

75.2 

3.02 

1.232 


108.6 

.1 

62.3 

65.5 

3.85 

1.241 
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Figure  390.  Nonregenerative  T63-A-SA  Combustor 

Hydrocarbon  Emission  Data  Comparison  for 
Standard-Length, Modified  Conventional  Design 
Modification  "A"  Combustor  and  T63  Baseline 
Combustors. 
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Carbon  Monoxide 


O  Conventional  Liner 
D  Extended -Length  Liner 
Modified  Conventional 
Liner,  Mod.  ’'/V 
O  32%  Closed  DZ 
A  50%  Closed  DZ 
k  70%  Closed  DZ 


Figure  391. 


50  60  70  80  90  100 

Percent  Output  Horsepower 

Nonregenerative  T63-A-5A  Combustor 
Carbon  Monoxide  Emission  Data  Comparison  for 
Standard- Length .Modified  Conventional  Design 
Modification  "A"  Combustor  and  T63  Baseline 
Combustors. 
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Nonregenerative  T63-A-SA  Combustor 
Nitrogen  Oxide  Emission  Data  Comparison  for 
Standard-Length, Modified  Conventional, Final  Design 
Modification  "A"  Combustor  and  T63  Baseline 
Combustors. 
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for  N0X  measurements  at  cycle  points  2,  3,  and  4  during  the  test. 

Even  though  the  NO  constituents  appeared  to  be  higher  for  Modifica¬ 
tion  "A",  the  comparison  of  the  Saltzman  measured  N0X  indicated  a 
reduction  in  N0X  of  1396.  Smoke  and  particulates  from  Modification 
"A”  were  the  highest  from  any  of  the  Final  Combustor  configurations. 
As  indicated  in  Figure  393,  smoke  numbers  for  all  data  points  except 
idle  (10%  power)  were  50  or  higher.  Only  the  32%  closed  setting 
values  are  indicated  in  the  figure,  as  the  50%  and  70%  values  were 
also  well  above  the  ordinate  scale. 

The  exhaust  temperature  profiles  shown  in  Figure  394  indicate  that 
there  was  general  improvement  when  the  dilution  holes  were  closed 
from  32%  to  50%.  The  32%  closed  setting  profile  was  unacceptably 
high,  and  the  50%  closed  profile  was  marginal.  At  idle  combustor 
conditions,  the  dilution  geometry  was  opened  to  the  0%  closed  posi¬ 
tion  for  a  few  minutes.  The  Tmax/Tavg  temperature  profile  was 
approximately  1.50,  and  the  pressure  loss  was  3.4%.  Because  of  the 
extremely  poor  idle  profile,  additional  0%  closed  settings  were  not 
used  during  the  test.  The  skin  thermocouple  temperatures  are 
plotted  in  Figures  395,  396,  and  397  for  the  three  geometry  settings. 

A  lampblack  flow  visualization  plate  was  made  of  the  internal  aero¬ 
dynamics  of  the  Modification  "A"  combustor  liner  as  shown  in  Figure 
398.  The  flow  trace  was  obtained  at  the  32%  closed  dilution  setting 
as  indicated  by  the  liner  in  the  photograph.  It  appeared  from  the 
flow  pattern  that  there  was  insufficient  primary  and  dilution  air 
penetration  into  the  combustor,  and  thus  the  mixing  and  recirculation 
were  ineffective. 

The  mechanical  problems  encountered  with  the  variable-geometry  band 
and  the  low  pressure  loss  of  the  combustor  were  cited  as  the  factors 
responsible  for  the  poor  combustor  performance.  Moving  the  dilution 
holes  2.00  inches  upstream  did  not  improve  the  exhaust  temperature 
profile.  The  region  of  the  combustor  having  the  greatest  influence 
on  exhaust  temperature  profile  must  therefore  be  the  primary  zone, 
not  the  dilution  zone. 

The  design  changes  to  Modification  "A"  of  the  Final  Modified  Con¬ 
ventional  combustor  which  resulted  in  Modification  "B"  were  the 
following: 

°  A  new  variable-geometry  slip  band  was  fabricated  which  would 
operate  more  smoothly  and  would  Leak  less. 

0  The  cantelevered  actuator  tabs  connecting  the  actuator  rods 
to  the  slip  band  were  redesigned  to  increase  their  stiffness, 
thus  eliminating  any  deformation  during  testing. 
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Smoke  Number  (SAE  ARP  1179  Procedure) 


Figure  393.  Nonregenera tive  T63-A-SA  Combustor 

Smoke  Data  Comparison  for  Standard-Length, 
Modified  Conventional  Design  Modification  "A" 
Combustor  and  T63  Baseline  Combustors. 
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Temperature  Profile  -  Tmax/TaVg  -  °?/<>F 


a 


Percent  Output  Horsepower 

Figure  394.  Nonregenera tive  763-A-5A  Combustor 

Temperature  Profile  Data  Comparison  for  Standard- 
Length,  Modified  Conventions?  Design,  Modification  "A" 
Combustor  and  T63  Baseline  Combustors. 
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SKIN  TEMPERATURES 


t 


0  10  20  30  40  50  60  70  80  90  100 

Percent  Output  Horsepower 

Figure  395.  Nonregenera tive  T63-A-5A 

Combustor  Skin  Temperatures  for  Modified 
Conventional  Combustor,  Modification  ’’A"  Operating 
at  32%  Closed  Dilution  Geometry  Setting. 
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SKIN  TEMPERATURES 


Percent  Output  Horsepower 

Figure  396.  Nonregenerati ve  T63-A-SA 

Combustor  Skin  Temperatures  for  Modified 
Conventional  Combustor,  Modification  "A"  Operating 
at  S096  Closed  Dilution  Geometry  Setting. 
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SKIN  TEMPERATURES 


sKteV!- 


V’/ 

i: 


0  10  20  30  40  50  60  TO  80  90  100 

Percent  Output  Horsepower 

Figure  397.  Nonregenera tive  T63-A-SA 

Combustor  Skin  Temperatures  for  Modified 
Conventional  Combustor,  Modification  "A"  Operating 
at  7096  Closed  Dilution  Geometry  Setting. 


612 


Figure  498.  Final  Modified  Conventional  Liner,  Modification  " 
Cold-Flow  Tracing  at  32%  Closed  Dilution  Setting. 


*  The  primary  holes  and  dilution  holes  were  reduced  in  area  to 
increase  the  combustor  pressure  loss  at  the  design  setting 
from  396  to  596. 

*  The  dilution  hole  pattern  was  changed  from  six  holes  equally 
spaced  to  four  holes  spaced  in  a  six-hole  pattern. 

*  In  order  to  reduce  the  smoke  and  particulates,  an  Ex-Cell-0 
air-blast  pressure  atomizing  fuel  injector  was  installed. 

Modification  "B"  of  the  '-Final  Modified  Conventional  Combustor  Liner" 
was  tested  at  three  different  geometry  settings  over  the  nonregen- 
erative  operating  conditions:  096,  2896,  and  5096  closed.  The  2896 
closed  setting  was  the  nominal  design  point  for  the  nonregenerative 
tests.  The  regenerative  position  was  intended  to  be  096  closed  or 
full  open. 

The  detailed  test  data  results  for  the  T63  nonregenera ti ve  evalua¬ 
tion  are  presented  in  Figures  399  through  911  Two  of  the  skin 
thermocouple  leads  were  broken  prior  to  the  rig  tests  of  Modifica¬ 
tion  "B";  thus  no  skin  temperature  oats  were  recorded  for  this  con¬ 
figuration.  Pressure  ious  results  from  the  non regenera five  tests 
are  summarized  in  Table  LXXXV.  On  the  average,  the  pressure  losses 
for  096,  2896,  and  5096  closed  dilution  settings  were  496,  596,  and  796. 

The  mechanical  operation  of  the  combustor  variable  dilution  geometry 
gave  no  problems  during  the  test.  With  the  dilution  geometry  set 
at  the  2896  closed  position,  combustion  lean  blowout  from  idle  T6i 
nonregenera tive  combustor  conditions  was  obtained  at  a  fuel/air 
ratio  of  0.0042  fue 1/air  ratio. 

The  measured  exhaust  emissions  are  summarized  in  Table  LXXXV1. 
Comparisons  of  these  emissions  with  the  Co  ent  ional  T63  combustor 
liner  appear  in  Figures  412  through  416.  T«c  emission  concentra¬ 
tions  at  the  same  dilution  geometry  settings  of  the  Modification  "8’* 
combustor  liner  are  connected  with  dashed  lines.  The  settings  which, 
when  combined,  resulted  in  the  lowest  L0H  duty  eycle  total  emissions 
are  connected  by  solid  lines.  The  hydrocarbon  emissions  are  shown 
in  Figure  412.  A  significant  reduction  in  hydrocarbon  emissions 
was  obtained  in  closing  the  dilution  holes  from  096  to  2896  closed. 
Further  restriction  of  the  dilution  resulted  in  only  a  minor 
additional  reduction.  Overall,  hydrocarbon  mass  emissions  -ere 
reduced  7696  below  the  Conventional  combustor  level. 

The  carbon  monoxide  concentrations  in  Figure  413  sb©w  that  the 
minimum  levels  for  the  Modification  "B"  combustor  tere  obtained 
with  the  2896  closed  dilution  geometry  setting  up  through  the  $S% 
power  conditions.  At  7596  and  10096  power,  the  6«l%  closed  setting 
gavp  lowest  CO.  Over  the  duty  cycle,  the  Modification  "B"  com¬ 
bustor  reduced  carbon  monoxide  56%.  As  can  be  seen  in  Figure  414, 
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TN3  Li1*-9uS10R  EMEKINfcNTS  -  BIG  8/U  76,  TEST  SERIES  S3*  BEADING  R  945 
T64  «p.)UIEO  CONVENTIONAL  LINER,  RPC  Rum  AT  STD  T63  INLET  CONDITIONS 
T t J> T  uATt:  8-i»-7v  READING  WAS  TAKEN  AT  1324138  HOURS 

CVCi.fc  R 0 1  n T  1  v AR 1  »8Lt  GtO**£TRv  2 B  X  CLOSED  IS  X  POWER  SETTING 

*****  ExR£wl«ENTAL  CDNOniCNS  ***** 

MURKtR  AIR  E'LO*  1.4*1  LB/StC  AVG  BURNER  INLET  TEMP  289.  DEG  P 

AVG  BunnEW  I*»LET  RRtS  43. ti  PSIA  AvG  BURNER  OUTLET  TEMP  1SSS,  0E6  F 

AVL  nu»NER  UELlA  P  4.65  "*<5  PRESSURE  L.03S  3.21  X 

Overall  E/a  RATIn  ,i*M93  (E/w)  PUEL  FLOW  RATE  71.66  L8/HR 

AIR  LtAO  F acTOr  1.1454  PATTERN  EACTOR  .27387 

POT  SPUTI  *  34  •  1JT8.  DEG  P  RAX  UOT  /  AVG  BOT  1.1926 

P Ur  L  INLET  T  E  *Pt  R  A 1 ^Rfc  «l,  DEG  P  Pgfel  INLET  PRESSURE  78,6  PSIA 

REAT  LOADING  PANARtTEB  ,35444E*»7  h  TU/HOtfP  /  ATP /CUB  IC  FOOT 

*•«*  burner  outlet  temperature  SURVEY  ••*• 

ID  TERR  ID  TfRP  10  TEMP  ID  TEMP  10  TEMP  ID  TEMP  ID  TEMP 
ANNtju.S  1  2  M/t>,  h  M6M,  13  lr22.  18  913.  24  966,  87  1933,  36  1199, 

annulus  2  4  1/43.  7  1/56.  16  836,  81  679,  23  964,  34  18*2,  37  U96, 

annulus  3  .5  MIR.  14  5M2,  17  777,  22  «66,  26  935.  33  U36.39  1686, 

LEE  T  SIDE  *»*  4|N  INLET  TUBE  CONDITIONS  **•  RIGmT  SlOt 

I  O'*  *L  PRtSSuRE  43,  R 1  PSIA  TOTAL  FRtSSURl  43,14  P|JA 

STATIC  PRESSURE  4).3l  PSIA  STATIC  PRESSURE  43,69  PSIA 

vElCCJCY  UfLt*  P  ,33  ***G  VELOCITY  DELTA  P  ,48  *MG 

AIR  Tt»-REfcATuiifc  209,  OEG  P  AI*  TEMPERATURE  29*,  OEG  P 

A 1  *  VfU'UT*  K4.96  PT/SEC  AI3  VELOCITY  119,84  PT/SIC 

DlEAtRE  *U*l  P“ASSuR€l  KlCPT  P-T0TAL)»(R16mT  R-T0TALJ1  -.667  »M6 

*IR  Pl< »  OATai  ****ypa  MS. 3  PSIA  DELTA  P*  1,66  "MG  T-RfP*  i»S,  DIG  P 

P'JfcL  SYSTtr  0*Ti  I 

fuK  P/N  P*E3UE>C»  265,  Ml  VOLUMETRIC  PlO*  MATE  11,99  GAL/Hi 

E  U6  L  PMtSSi'BE  *T  E/m  S«B,?  RSI  A  EUEl  Y|MP  *T  P/M  '8,  DEG  P 

••  MISCELLANEOUS  YRAnSPuLE*  READINGS  •• 

NAMEQLO  a  E* ADt  BURNER  OUTLET  TfTAL  PRESSURE  41.94  PIU 

COmNUSTqm  OUTER  case  STATIC  PRESSURE  48,96  PtjA  R  •  11) 

SONNE*  OimwfeNtiAL  total  PRESSURE  4,61  *MC  CxOyCIt  •  135 

•  chemical  analysis  result*  a 

GAS  samples  taaen  tN  plan;  *1 


COT 

J.8P5  X 

0?  16,356 

t 

ce 

4*4,6 

PPM 

CM* 

If,*  PP-* 

NC 

>.2  PP* 

nl2  n.p 

PPM 

NO* 

IE.  6 

PPM 

(NO(NCIR) 

p  NOSCNOUV)) 

NC 

IV  PP* 

*■02  11,6 

PPM 

NO* 

21,6 

PPM 

t  CMEPiLUPtNCSCtMCt  ) 

|M-YS9  ION'S  I  N!*E  A 

,  LM/1PP4  LS 

Puli  I 

ce* 

38,93 

Cnxp  8*6f 

CMt"lL0MlNtSClNCE  NCX*  3,17,  NDti  *  ROUV  NO**  t.<9 

CA| LulaTID  PltL/AlR  RATIO  PROP  C*tP!CAi  ANALYSIS*  ,f«*783 

CalCULATPO  COnRUST IOn  EPPICIEnCY  PRC*  CmEMICAL  ANALYSIS*  9S.7476  S 
C*EC*  ON  -/a  NA’IC.  P/A  •  ,»r*T83  fc/o  C2,  CALCULATED  08  •  IS, 261  X 

l*C4t  TnCxPi  I3~0t 

SalTIman  nu»  *  20'& 


figure  S99.  Final  Modified  Convention?.  Liner,  Modification  "B" 
«t  Nonregenerati ve  10%  Power  »  28%  Closed  D2. 
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To,*  Lii-'-U.Srr*  tSHMn.MS  -  PtG  e/U  70,  UfT  SERIES  65,  RECCING  *  »46 

Id*  mu.  if  It:'  L  •'•  v-L*  Lift*,  MOD  "pf  HIM  AT  STD  T63  INLET  CONDITIONS 

TtST  ■;  *■  T  r  i  --i'-72  L  fc  A I  I N  t-  paS  T  AXFN  AT  1343156  HOURS 

C»Clc  2 >  I  i.-I-Hl*  GF(;*ET*Y  f  *  CLtStl)  1?  X  POWER  SETTING 


*****  £  »P£R  1  f  •  t  f>  T  A  L  C  t  *•  L  I  T  I C  N  S  ***** 


A  i  R  F  1.  • 

1  .  H44 

Lt/SEL 

A vf,  EURNER  inlet  T£HP 

299 . 

DEG  F 

A  Vi-  »  .  E  n  !  '  L  r  1 

nr  r  }i 

43.7 

PSIA 

aVG  EURNEw  outlet  ifhp 

1*41, 

DEG  F 

A  v  o  •*  i  •  *  » F  h  l  i  1  1  ■ 

► 

3.NP 

"r-G 

pressure  loss 

4,03 

X 

iji  f  '  H.C  t  /  A  l*  **  1  }  .‘ 

* 

.  1  -*7-t 

{ F /P  ) 

r  dE l  FLOW  RATE 

71,56 

lb/hr 

A  1  *  u  f  A  )  E  A  1.  '  1  -■ 

i 

.  1  *?t 

PAlffcRK  F  ACTOR 

,31456 

ni;T  *1 1  •  f  »S  P  o  T  1  *• 

Sr  » 

i?74. 

I'tG  F 

r a X  EOT  /  AVG  80T 

1.2?40 

E  t  E  L  I  ''L  t.  T  T  r  *R  I  * 

Al  I.IRP. 

, 

ut G  F 

FUEL  INLET  PRESSURE 

72.9 

PSIA 

ht(,T  L.  ft!  !M-  PAi  -,'UER  ,3b49bt*u7  ft  T  (.•  /  HCuR  /  *  T  K  /  CUB  I C  FOOT 
»,*«  ,Ml*»Sr>  I’liTI.M  TEmF  t  R  A  T  u  t#  f  SURVEY  **** 


1 1‘  it'* 

i  fcMP 

I u  Tehp 

It  IEEP  ID  TEMP 

ID 

TEMP  ID 

TEMP 

A  N  •  ■  '-L 1  -  S  i 

?  1  5  <4. 

r 

11?0. 

lb  S27. 

16 

062.  £4  t P33 , 

27 

1715 1 ,  36 

1274, 

A  nN'.'LL’S  ? 

a 

7 

1  -'•**. 

lb  R23. 

2) 

625.  2b  lk«77. 

34 

1131.  37 

1261* 

A'.N'iLl’-'  3 

5  \  ■  *■  ~  . 

*  4 

Ed  j. 

17  79>, 

22 

9)7,  ?6  1P56, 

35 

1115,  39 

1099. 

L  ;  f  T  Si,.; 

*  * 

»  A  [  *  T 

\'t.  E  T  It, PE 

CONi.lTjnLS  *** 

RIGHT 

SIDE 

total  pre 

S  S  !  .  -<  c 

4  j  ,  7  0 

PSIA 

total  FRESSURE 

43.771 

PSIA 

STATIC  Pf. 

E  S  S  • 1  -  * 

4  1.4b 

PSIA 

STATIC  PRESSURE 

43,4b 

PSIA 

VtLi'Cll* 

DELTA 

.52 

"  P  f. 

VFL 

DUTY  DELIA  P 

.52 

"HG 

Al*  TLf.M. 

R  *  T  i.'R  w 

?o?c 

PEG  F 

A  I  H 

) EEPfcRATURt 

299, 

DEG  F 

A  i  *  v  E.  L  U  ( 

l  r  v 

l?,».bb 

ET/SEC 

AIR 

VEI  DC  I T Y 

123.31  FT/SEC 

LlPFrWtNTiAi.  PNtSSiJNt:  [(LEFT  P-TOTAL)-fKlGHT  P-T0TAUJ  -.dPS  MHG 

*1"  FLU*  t,»TA5  p-.tpFs  l»b.2  PS  I A  DELTA  P*  l.bti  "HG  T-REF»  107,  OEG  F 
F  li  E  |  S  Y  S  •  t  -  DAT  : 

p.itL  P/h  EnThcfLt  2bb„  H Z  VOLUMETRIC  FLOW  HATE  11.55  GAL/HR 

F 1 1  ►  |_  ^PtSS'Jxr  if  F,*  Pb'j.4  PS  T  A  F  "E  L  TfcMP  *T  F/M  91,  OEG  F 

**  UsCtLl  ANFOUS  TRANSDUCER  READINGS  ** 

PAP  TrOLO  AVhRAGF  *IKM;R  CUTLET  T  CT  AL  PRESSURE  41,94  PSIA 
L  0  a  !  1 5  I  0  fii‘1  r»  CASE  static  PRESSuRF  42,7?  PSIA  (XDUCER  #  11) 

hUFNt*  DlpRpptP'MAI.  TOTAL  PRESSURE  3,58  "HG  (XDUCER  A  13) 


*  CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SAMPLtS  taken  in  plane  *1 


CO? 

2.0  IF,  V, 

G? 

18.B07I  X 

CC 

397,0 

PPH 

CHX 

35,0  PPM 

Uf' 

4,2  PRv 

NG'2 

15.2  PPM 

NCX 

19.3 

PPM 

TNO(NDIR) 

♦  N02  (M)UV )  3 

NC 

b.J  PPf. 

N(,£ 

3,7  PPM 

N'O  X 

9,fc 

PPM 

l  CHEMILUMINESCENCE  ] 

E  f'  I SS I  UN  S  INDEX,  LP/1PM  LB  FUELS  L0»  35,98  CHX*  <.99 

Cl'tMIU'rtlNESCtNCE  NOX *  1,34,  NDIR  ♦  NDUV  NOX*  2.67 

CALCULATED  Fffcl./AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,009939 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSISl  96.5322  X 
CHECK  ON  F/A  RATIO-  F/A  «  ,009867!  W/O  02,  CALCULATED  02  »  18,106  X 

SPOKE  Index: 

saltzman  nox  '20Z  PPM 


Figure  400.  Final  Modified  Conventional  Liner,  Modification  "B" 
at  Nonregenerative  10%  Power  -  0%  Closed  DZ. 
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IN?  tn*9U$T0w  EXPERIMENTS  -  PIG  S/U  70,  TEST  SERIES  65,  READING  #  945 

T S3  1-CiJl*-  ICO  CONVENTIONAL  LINER,  MOO  "R"  RUN  AT  STD  T63  INLET  CONDITIONS 
TEST  D A Tt  5  8-U-7 2  READING  HAS  TAKEN  AT  1  S2t9  A 52  HOURS 

CYCl.t  ROJmT  I  VARIABLE  GEOMETRY  28  X  fLOSED  10  X  POWER  SETTING 

EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  FLO*  1,821  LB/SEC  AV6  PUGNgR  INLET  TEMP  299.  DEG  F 

AVG  BURNER  IrLET  PFtS  43.8  PSIA  AVG  BURNER  OUTLET  TEMP  1008.  DEG  F 

a V t  burner  DELTA  p  4.65  "  PG  PRESSURE  L.05S  5,21  X 

OVERALL  e/a  RATH.  ,('•1^93  CF/M)  FUEL  FLOW  RATE  71.66  LB/HR 

AIR  LliAO  FACTOR  1,1450  PATTERN  FACTOR  ,27307 

6GT  BUT  SPOT!  *  34  *  1232,  DEG  F  RAX  bOT  /  AVG  BOT  1,1920 

FUEL  INLET  vg  nspe NATURE  01.  DEG  F  FUEL  INLET  PRESSURE  72,6  PSIA 

bEaT  LOADING  PARABtTER  .J5444E+P7  bTU/HDliP/ATM./CUBIC  FOOT 

****  BURNER  outlet  TEMPERATURE  survey  **** 

ID  TEMP  10  temp  10  TfcMP  ID  TEMP  10  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  1  2  1»A6.  A  ivifib.  15  1022,  19  9J3.  24  96f.  27  1035,  36  1199. 

ANMJLUS  2  4  1043.  7  l  it)56 ,  16  956.  21  679,  25  964,  34  1202.  37  1150, 

ANMiLUS  ?  5  lBJB.  14  962.  17  777,  22  866.  26  955.  33  1136.  39  1028, 

LEFT  SIDE  ***  AIR  INLET  TUBE  CONDITIONS  ***  RIGHT  SIDE 

TOTAL  PRESSURE  43,81  PSIA  TOTAL  FRtSRURE  43,64  PSIA 

STATIC  PRESSURE  43.55  PSIA  STATIC  PRESSURE  43.60  PSIA 

VELOCITY  OF.LTA  F  .53  "HG  VELOCITY  DELTA  P  .49  "HG 

AIR  TfcrpfcRATURE  299.  DEG  F  AIR  TEMPERATURE  299,  DEG  F 

air  VELOCITY  124.90  FT/SEC  AIR  VELOCITY  119.94  FT/SEC 

DIFFERENTIAL  PRESSURE!  I  CLEFT  P-TOT AL ) - CR I GHT  P-TOTAL33  -.067  "HG 

AIR  FLOW  DATA j  P-RfcH  J35.2  PSIA  DELTA  P»  1.56  "HG  T-REF*  105,  DEG  F 

Full  system  datai 

fuel  F/h  FREQUENCY  263.  HZ  VOLUMETRIC  FLOW  RATE  11,53  GAL/HR 

FUEL  PRESSURE  «T  F/M  259.2  PSIA  FUEL  TEMP  AT  F/M  89.  DEG  F 

•*  MISCELLANEOUS  TRANSDUCER  READINGS  ** 

MANIFOLD  AVERAGE  0uRnER  OUTLET  TCTAi.  PRESSURE  41,34  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  42,36  PSIA  (XDUCER  #  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  4.61  "MG  (XDuCER  «  13) 


*  CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SAMPLES  TAKEN  TN  PLANE  #1 


C02 

1.985 

X 

0?  18.258 

X 

CO 

469,6 

PPM 

CHX 

20,0  PPM 

NO 

7.0 

PPB 

NC2  11.0 

PPM 

NOX 

16,0 

PPM 

INO (NDIR) 

♦  NOS  (NDUV) ] 

NO 

10.0 

P  P  B 

NO 2  11,6 

PPM 

NQX 

21,6 

PPM 

t  CHEMILUMINESCENCE  ) 

EMISSIONS 

INDEX 

,  LB/1P00  LB 

FUEL! 

CO* 

35.63 

CHX*  2,82 

CHtHRUMINESCENCE  NOX*  3,17,  NDIR  ♦  NDUV  NOX*  2,63 


CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANAL Y8I3I  ,009703 

CALCULATED  COMBUSTION  EFFICIENCY  FRCM  CHEMICAL  ANALVSISi  00.7479  X 
CHECK  ON  F/A  RATIO-  F/A  ■  ,009725  h/0  02,  CALCULATED  02  •  10,201  X 

SMOKE  INDEX  I  13-01 

SALTZMAN  NUX  •  J20>&  PPM 


Figure  399.  Final  Modified  Conventional  Liner,  Modification  "B" 
at  Nonregenera tive  10%  Power  -  28%  Closed  DZ. 
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^b^  CO'-rtliSrO"  t>HkKTi-tK  r.$  -  I'll,  P/U  70,  Tf  ST  SERIES  65,  READING  F  947 
fbi  MOOIHEO  CONVENTIONAL  LINER,  MOO  "B»  RUN  AT  STD  T63  INLET  CONDITIONS 

Tfesr  n»i>:  b-ie-/?  reading  has  taken  at  I4i0i23  hours 

CYtLf  POINT  1  VARIABLE  G  fc  C  m  t  t  R  Y  5?  X  CLOSED  10  X  POWER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

H'JWVjtR  AIR  FLOW  1,841  LB/StC  AVG  BURNER  INLET  T£MP  299,  DEG  F 

AVo  buwwER  InLET  PnES  43.7  fsia  avg  burner  OUTLET  temp  i02l,  DEG  r 

Ay G  rtUwMtR  UFLT:,  P  3.23  "EG  PRESSURE  LOSS  7,00  X 

OVERALL  F/a  -f a T J r;  .cngi  (F/m)  FUEL  FLOW  WATE  72,31  LB/HR 

AIR  LOAD  PACTOH  1.16P7  PATTERN  FACTOR  ,17879 

OUT  MO T  SPOT!  f  St  a  1110,  DEG  f  MAX  HOT  /  AVG  BOT  1,1271 

F  Ot  L  INLET  TF.mPF.naTURE  94.  f)EG  F  FUEL  INLET  PRESSURE  72,0  PSIA 

HE  A  I  LOADING  pan  ArF.TFR  .3587  1E  +  07  BTly HDUR/ATm/CUBIC  FOOT 

•  ***  BURNER  OUTLET  TEMPERATURE  S UKVfc'V  **** 

10  TEhp  iii  TEMP  It  *fcHR  ID  TEMP  10  TEMP  10  TEMP  ID  TEMP 
ANNULUS  1  2  100.9,  6  JtlB.  15  996.  19  964,  24  1044,  27  1091.  36  1  150, 

ANNULUS  ?  4  1)17.  7  1099,  16  937.  21  930,  25  1036.  34  1049.  37  1123. 

annulus  3  f.  1-132.  14  621,  17  616,  22  924,  26  995.  35  1004,  39  1056. 

LEFT  SIDE  ***  AIR  INLET  TUBE  CONDITIONS  ***  RIGHT  SIDE 

TCIal  PRESSURE  43.69  PSIA  TOTAL  PRESSURE  43, 7l  PSIA 

STATIC  PRESSukf  43.43  PSIA  STATIC  PRESSURE  43,44  PSIA 

VELOCITY  DELTA  P  .54  "HG  VELOCITY  DELTA  P  .56  "HG 

AIR  TEMPERATURE  299.  DEG  F  AIR  TEMPERATURE  299,  DEG  F 

AIR  VELOCITY  126.21  FT/SEC  AIR  VELOCITY  127.94  FT/SEC 

DIFFERENTIAL  PRESSURE t  ((LEFT  P-TOTAL)- (RIGHT  P-TOTAL)]  -.037  "HG 

AIR  F  |.  0  h  |)  a  I  A  i  F-HtF*  135.2  PSIA  DELTA  P*  1,59  "HG  T-REF*  105,  DEG  F 

FuFl  SYSTEM  Data: 

FUEL  F/m  FREQUENCY  268.  HZ  VOLUMETRIC  FLOW  PATE  11.68  GAL/HR 

FUEL  PRESSUPF  aT  F/F  260,2  PSIA  FijtL  TEMP  AT  F/M  93,  DEG  P 

**  MISCELLANEOUS  TRANSDUCER  READINGS  •* 
manifolO  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  40.64  P3IA 
COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  42,14  PSIA  (XDUCER  P  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  6,21  "HG  (XOUCER  P  13) 


*  CHEMICAL  ANALYSIS  RESULTS  * 
gas  samples  taken  in  plane  pi 


C02 

2.107 

X 

02  17.900 

X 

CO 

717.6 

PPM 

CHX 

15.2  PPH 

NO 

6.6 

PPM 

NO 2  12,3 

PPM 

NOX 

17,9 

PPM 

(NO  (NOIR) 

♦  N02CNDUV)) 

NO 

7.7 

PPM 

Nli?  1,0 

PPM 

NPX 

6,7 

PPH 

t  chemiluminescence  1 

EMISSIONS 

INDEX 

,  LR/1M03  LB 

FUEL  I 

CO* 

64.31 

CHX*  2,14 

CHEMILUMINESCENCE  NO X ■  1.27,  NOIR  ♦  NOUV  NOX*  2.64 


CALCULATED  FLEL/AI*  RATIO  FROM  CHEMICAL  ANALYSISI  ,010495 

CALCOLATEO  COMBUSTION  EFFICIENCY  FRCM  CHEMICAL  ANALYSISI  88,2375  X 
CHECK  ON  F/A  RATIO-  F/A  ■  .01P444  w/0  Df,  CALCULATED  02  •  18,003  X 

SMOKE  INDEX  l  !SI 

SALTZmAn  NGX  •  /3.2  FPH 


Figure  401.  Final  Modified  Conventional  Liner,  Modification  ”B" 
at  Nonregenerative  10%  Power  -  50%  Closed  DZ. 
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T 63  COMBUSTOR  EXPERIMENTS  -  PIG  P/U  77,  TEST  SERIES  85,  READING  *  948 

TS3  MODIFIED  CONVENTIONAL  LINER,  MOD  "0"  RljN  AT  STD  T63  INLET  CONDITIONS 
TEST  0 ATE  J  8-16-7?  READING  NAS  TAKEN  AT  1582115  HOURS 

CYCLt  POINT  6  VARIABLE  GEOMETRY  28  X  CLGSEO  25  %  POWER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  FLO*  2.204  LB/SEC  A VC  BURNER  INLET  TEMP  353.  DEG  F 

AVG  burner  Inlet  PRES  54. 8  PSIA  AVG  BURNER  OUTLET  TEMP  1149,  DEG  F 

AVG  BURNER  DELTA  P  5,47  "HG  PRESSURE  LOSS  4.90  X 

overall  f/a  ratio  .H222  (f/m)  fuel  flow  rate  96.97  lb/hr 

air  LOAD  FACTOR  1.1463  PATTERN  FACTOR  ,33409 

BOT  HOT  SPOT i  m  34  ■  } 414,  DEG  F  MAX  BOT  /  AVG  BOT  1.2313 

FUEL  INLET  TEMPERATURE  97,  CEG  F  FUEL  INLET  PRESSURE  111.0  PSIA 

MEAT  LOADING  PARAMETER  ,38348E*e7  BTL'/HOUR/ ATh/CUBIC  FOOT 

***•  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 

ID  TEMP  ID  TEMP  10  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  1  2  1214.  6  1231,  15  1117.  19  999,  24  107*.  27  1176,  38  1371. 

ANNULUS  2  4  1198,  7  1221.  16  1753.  21  9B4,  25  1107,  34  1414,  37  1328, 

ANNULUS  3  5  1179,  14  979.  17  868.  22  977,  26  1089,  35  1337.  39  1201. 

LEFT  SIDE  ***  AIR  INLET  TUBE  CONDITIONS  ***  RIGHT  SIDE 

TOTAL  PRESSURE  54.81  PSIA  TOTAL  PRESSURE  54,83  P8IA 

STATIC  PRESSURE  54,52  PSIA  STATIC  PRE5SURE  54,47  PSIA 

VELOCITY  DELTA  P  ,00  ,:RP  vrLOCITY  DELTA  P  .72  "HG 

AIR  TEMPERATURE  333,  DEG  F  AIR  TEMPERATURE  353,  DEG  F 

AIR  VELOCITY  123.9)1  FT/SEC  AIP  VELOCITY  134,59  FT/SEC 

DIFFERENTIAL  PRESSURE*  ((LEFT  P-TOTAL) - (K IGHT  P-TOTAL))  -.030  "HG 

AIR  FLOW  DAT  A  j  P-ReF«  184,0  PSIA  DELTA  P*  2,31  "HG  T-REF*  105,  OEG  F 

fuel  system  data* 

FUEL  F/M  FREQUENCY  359.  MZ  VOLUMETRIC  FLOW  RATE  15,69  GAL/HR 

FUEL  PRESSURE  AT  F/M  308. 0  PSIA  FUEL  TEMP  AT  F/M  06,  DEG  F 

**  MISCELLANEOUS  TRANSDUCER  READINGS  ** 

MAMFOLO  AVERAGE  BURNER  OUTLET  total  PRESSURE  52,13  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  53,26  PSIA  (XOUCER  W  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  5,46  "MG  (XOUCER  *  13) 

*  CHEMICAL  ANALYSIS  RESULTS  * 

GAS  SAMPLES  TAKEN  IN  PLANE  #1 


C02 

2. .107 

V 

02  16,400 

X 

CO 

216,4 

PPM 

CHX 

5,0  PPM 

NO 

14.1 

PPM 

N02  8,5 

PPM 

NOX 

22,6 

PPM 

(NO (NOIR) 

*  N02CNDUV)] 

NO 

17.1 

PPM 

N02  ,5 

PPM 

NOX 

17.6 

PPM 

(  CHEMILUMINESCENCE  ) 

EMISSIONS 

INDEX 

,  LB/1003  LB 

FUEL  * 

CO* 

17,33 

CHX*  ,63 

CHEMILUMINESCENCE  NOX*  2.31,  NOIR  *  NOUV  NOX*  2,07 

CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS  1  ,011050 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALV8ISI  99.4373  X 
CHECK  ON  F/A  RATIO*  F/A  •  ,010192  W/0  02,  CALCULATED  02  ■  18,040  X 

SMOKE  XNOEXI  13*2 

SALTZMAN  NOX  •  28>2  PPM 


Figure  402.  Final  Modified  Conventional  Liner,  Modification  "B" 
at  Nonregenera tive  25%  Power  -  28%  Closed  DZ. 
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T*3  CP*HU5!0*  EXPERIMENTS  «  »I(i  B/0  7fr,  TEST  SERIES  85,  READING  *  949 
T63  MODIFIED  C^vtf  TIOf-AL  Un£R,  HOD  "B"  RUN  AT  STD  T63  INLET  CONDITIONS 
TEST  UATh  J  6-16-72  READING  WAS  TAKEN  AT  1542M0  HOURS 


CYCLE  POINT  6 


VARIABLE  GEOMETRY 


b'O'R.NtR  AIR  f  i.u<( 

A VG  RUNNER  INLET  Pkt 5  55,3 
AVG  RliRNtk  DELTA  P  7,53 
OVERALL  E/A  PAflU  ,fl?P5 
air  load  factor  1.1517 
BUT  HOT  SPCT:  a  36  «  1314, 
E'UtL  INLET  TE“°t EATURfc  9P, 


*****  EXPERIMENTAL 

2.234  LB/5EC 
PSI  A 
"WG 
(F/M) 


DEG 

DEG 


5?  X  CLOSED 
CONDITIONS  ***** 


25  X  POWER  SETTING 


NEAT  LOADING  PASAf-tTER  ,37987 E +07 


AVG  BURNER  INLET  TEMP 

353. 

DEG  F 

AVG  BURNER  OUTLET  TEMP 

1161. 

OEG  F 

PRESSURE  LOSS 

6,69 

X 

FUEL  FuOh  RATE 

96.03 

LB/HR 

PATTtRN  FACTOR 

.18901 

MAX  EOT  /  AVG  60T 

1.1315 

FUEL  INLET  PRESSURE 

110.1 

PSIA 

FOOT 


****  burner  outlet  temperature  survey 


10  IEPP 
ANNULUS  1  2  1237 

ANN'JLUS  2  4  1761 

ANNULUS  3  5  1  1  P R 

LEFT  SIDE 
TOTAL  PRtSSIjWt 
STATIC  PRLSSURE 
VELOCIT  Y  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


1U  TEMP  ID  TEMP 

6  1264,  15  1112 

7  1263,  16  1265 

14  936.  17  905 

•*»  AIR 

55.29 
55,02 
.54 

334,  OEG  F 
116.13  FT/SEC 


IL  TEMP  ID  TEMP 
19  1096.  24  H77 

21  1045,  25  1173 

22  1037,  26  U35 


»*** 

ID  TEMP  ID  TEMP 
27  1228,  36  1314. 

34  1238.  37  1297, 

35  1194,  39  1217, 

RIGHT  SIDE 
55.34  PSIA 
55.01  P8IA 
.67  "HG 

353.  DEG  F 
129.57  FT/5EC 
-.107  "MG 

T-REF*  103.  DEG  F 


differential  pressure 

AIR  FLO*  D AT  A  1  P-RgF* 


INLET  TUBE  CONDITIONS  *** 

PSIA  TOTAL  PRESSURE 

PSIA  STATIC  PRESSURE 

"HG  VELOCITY  DELTA  P 

AIR  TEMPERATURE 
AIR  VELOCITY 
t(LEFT  P-T0TAL)-(RIGHT  P-TOTAL)) 

134.1  PSIA  DELTA  P*  2.37  "HG 


fuel  system  oatai 

Fuel  F/m  FREQUENCY  359.  HZ  VOLUMETRIC  FLOW  RATE  15,69  GAL/MR 

fuel  pressure  at  f/f  308,1  °sia  fuel  temp  at  f/h  97,  deg  f 


**  miscellaneous  transducer  readings  ** 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  51,61  PSIA 
COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  53,53  PSIA 
BUHNtR  DIFFERENTIAL  TOTAL  PRESSURE  7,48  »HG 


(XOUCER  *  11) 
(XOUCER  W  13) 


*  CHEMICAL  ANALYSIS  RESULTS  * 
gas  samples  taken  in  plane  *i 


CO? 

2.352 

X 

02  15.700 

X 

CO 

365,6 

NO 

9.1 

PPY 

NO?  10.2 

PPM 

NOX 

19,3 

NO 

14.3 

PPM 

N<2  1.5 

PPM 

NOX 

15.8 

EMISSIONS 

INDEX 

,  IH/K0P  LB 

fuel  i 

CO* 

26.71 

CMtMILUMlNESCENCE  N0X*  2,11, 


PPM  CHX  4.2  PPM 
PPM  INO(NOIR)  ♦  N02CNDUV)) 
PPM  [  CHEMILUMINESCENCE  ) 
CHX*  ,54 
NDIR  *  NDUV  NOX*  2.57 


CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANAlYSISI  .012602 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSISI  99.2216  % 
C*EU<  ON  F / A  RATIO-  F/a  ■  .H11420  W/0  D2.  CALCULATED  02  ■  17,693  % 

SMOKE  INDEXI  4,ZU 

SALTZMAN  NOX  ■  24^  PPM 


Figure  403.  Final  Modified  Conventional  Liner,  Modification  "B" 
at  Nonregenerative  25%  Power  -  50%  Closed  DZ. 
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T63  C0i-AUST0f»  f XPEkIKF.KTS  -  BIG  B/U  70,  TEST  SERIES  85,  READING  A  850 
63  «CiUlEIfcb  CONSENT  I QN  AL  LINER,  MOD  "B"  RUN  AT  STO  T63  INLET  CONDITIONS 
TEST  04TEJ  rt-16-72  READING  W AS  TAKEN  AT  1802154  HOURS 

CVCLt  POINT  5  VARIABLE  GEO^tTRY  26  X  CLOSED  40  X  POKER  SETTING 

*****  EXPERIMENTAL  CONATIONS  ***** 

BURNER  AIR  Flo*  0.554  LB/SEC  AVG  BURNER  INLET  TEHP  389,  DEG  F 

AVG  BURNER  INLET  PRES  5A,0  PSIA  AVG  BURNER  OUTLET  temp  1236,  DEG  F 

avg  burner  delta  p  5.74  "mg  pressure  loss  3,18  x 

OVERALL  F/a  RATIO  .M320  (F/M)  FUEL  FLO*  RATE  121.37  LB/hR 

AIR  LOAD  FACTOR  1.1597  PATTERN  FACTOR  .39323 

HOT  HQT  SPOT!  *  34  «  1593,  DEG  F  MAX  BOT  /  AVG  BOT  1,2583 

F UtL  iNLtT  TEMPERATURE  og.  DEG  F  FUtL  INLET  PRESSURE  134,7  PSIA 

HEAT  LOADING  PARAMETER  ,41114E*P7  BTU/HCUR/ATM/CUBIC  FOOT 

«***  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 

ID  TEMP  10  TEMP  jo  TEMP  10  TEMP  ID  TEMP  ID  TEMP  10  TEMP 
AnnuLUS  1  2  1329.  6  1 3 4 fi ,  lS  1218,  19  1093,  24  1  164,  27  1280,  36  1307, 

ANNJLUS  2  4  1258,  7  1341.  16  1143,  21  1086,  23  1187,  34  1593,  37  1449, 

annulus  3  3  1286,  14  1380.  17  945,  22  1062,  26  1163.  33  1477,  39  1308, 

LEFT  SIDE  *«*  AIR  inlet  tube  CONDITIONS  ***  HIGHT  SIDE 

TOTAL  PRESSURE  63,93  PSIA  TOTAL  PRESSURE  64,03  PSIA 

STATIC  PRESSURE  63.60  PSIA  STATIC  PRESSURE  63,68  PSIA 

VELOCITY  delta  p  .72  "MG  VELOCITY  DELTA  P  ,71  "HG 

AIn  TEMPERATURE  399,  DEG  F  AIR  TEMPERATURE  399,  OEG  f 

AIR  VELOCITY  128,36  FT/SEC  AIR  VELOCITY  127,48  FT/SEC 

DIFFERENTIAL  PRESSURE!  {(LEFT  P-TOT  AM  -  (MGmT  P-TOTAL)]  *,165  "MG 

AIR  FLOW  DATA!  P-RfcF«  143,3  PSIA  DELTA  P*  3.13  "HG  T-REF*  103,  OEG  F 

fuel  system  oatai 

Fuel  F/M  FREQUENCY  449,  «Z  VOLUMETRIC  FLOW  RATE  19,66  GAL/HR 

fuel  pressure  at  f/m  304.0  psia  FUEL  TEMP  AT  F/M  96,  DEG  F 

**  MISCELLANEOUS  TRANSDUCER  READINGS  ** 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  60,66  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  61,99  PSIA  (XOUCER  «  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  6,66  "HG  (XOUCER  «  13) 

*  CHEMICAL  ANALYSIS  RESULTS  * 

GAS  3AMPLE5  TAKEN  IN  PLANE  61 


CQ2 

2,203 

X 

02  13.300 

X 

CO 

166,6 

PPM 

CMX  2,3  PPM 

NO 

19.0 

PPM 

NU2  8,9 

PPM 

NOX 

27,9 

PPM 

(NO(NOXR)  ♦  N02CNQUV)) 

NO 

23.6 

PPM 

Ntl2  ,0 

PPM 

NOX 

23,6 

PPM 

(  chemiluminescence  ) 

EMISSIONS 

INOEX 

*  LB/1000  LB  FUEL  1 

chemiluminescence 

CO* 

NOX* 

12,38 

2.66 

i 

CMX •  ,27 

NDIR  *  NOUV  NQX*  3,46 

CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANAL YSISl  ,011091 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS  I  99,6001  X 
CHECK  ON  F/A  RATIO-  F/A  ■  ,010627  M/0  02,  CALCULATED  02  ■  17,910  X 

SMOKE  INDEXI  UMa 

saltzman  nox  ■  32.4*  ppm 


Figure  404.  Final  Modified  Conventional  Liner,  Modification  "B" 
at  Nonregenerative  4096  Power  -  28&  Closed  DZ. 
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163  COMrtUSTOR  t  xPfcRlMENTS  -  HIT,  B/U  70,  TtST  SERIES  85,  READING  *  851 
T63  modified  O.n-VEuTlONAL  LInER,  moo  "rt»  HUN  AT  STO  T6J  INLET  CONDITIONS 
TtST  I , ATt:  H-P-7?  READING  RAS  TAKEN  AT  1624I3B  HOURS 

CYCLE  RUInT  5  VARIABLE  GtOMETRY  5«  X  CLOSED  40  X  POWER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  A J N  FL'JR  2.543  LB/SEC  AVI-  BURNER  INLET  TEMP  388,  DEG  F 

A V G  BURNER  iNLtf  PKf.3  64.5  PSIA  AVG  BURNER  OUTLET  TEMP  1268,  DEG  F 

A v G  HHNfitR  DELTA  P  9,?9  "HG  PRESSURE  LOSS  7,03  X 

OVr.HALl  F/A  RATIO  ,01325  (F/H)  FUEL  FLOW  RATE  12!,  5  8  LB/HR 

A I  k  LOAD  Factor  1.1532  pattern  Factor  ,16820 

HOT  HOT  SPOT:  tj  36  s  1416.  OfcG  F  MAX  BOT  /  AVG  SOT  1,1165 

F UP L  INLF.T  TEMPt*ATURE  I»0,  DEG  F  FUEL  INLET  PRESSURE  153,8  PSIA 
RtAT  LOADING  Parameter  ,4O785F*07  BTL'/HCUR/ATM/CUBIC  FOOT 

****  BURNER  OUTLET  TEMPERATURE  SURVEY  ••*• 

ID  Tfcr'P  ID  TEMP  10  TEMP  ID  TEMP  10  TEMP  IQ  TEMP  ID  TEMP 
Ann'JLUS  1  2  1372.  6  1415.  15  1210,  19  1196,  ?4  1291  .  27  1344,  36  1416, 

annulus  2  4  1364.  7  1432,  16  H56,  21  1145,  25  1284,  34  1359,  37  1383. 

ANGLOS  3  5  130/.  14  9R5 ,  17  S64,  ?g  1130,  26  1243,  35  1337,  39  1310, 

LEFT  SIDE  ***  AIR  INLET  TUBE  CONDITIONS  ***  RIGHT  SIDE 

TOTAL  PRE  SSL  - t  6  4,44  PSIA  TCTAL  PRESSURE  64.50  PSIA 

STATIC  PRESSURE  64. u6  PSIA  STATIC  PRESSURfc  64,15  PSIA 

VELOCITY  DELTA  p  .76  "HG  VELOCITY  DELTA  P  ,70  "HG 

AIR  temperature  398.  DEG  F  AIR  TEMPERATURE  398,  DEG  F 

AIR  VELOCITY  13*. 75  FT/SFC  AJR  VELOCITY  125,75  FT/SEC 

DIFFERENTIAL  PRESSURE!  [CLEFT  P-T  OT  A|. )  -  f  R  IGHT  P-TOTAL))  -.126  "HG 

Arw  FLO-  data:  h-ref*  1*3.6  PSIA  OELTA  P*  3,09  "MG  T-REF»  1«2,  DEG  F 

FUEL  SYSTEM  data: 

FJFl  F/m  FHECuENCY  449,  HZ  VOLUMETRIC  FLOW  RATE  18,66  GAL/HR 

FUEL  PRESSURE  at  a/m  333,0  PSIA  FiJtL  TEMP  AT  F/M  88,  CEG  f 

**  M I SCtLL ANEOUS  TRANSDUCER  REAOINGS  ** 

MANIFOLD  AVERAGE  BURNER  OUTLET  total  PRESSURE  58,81  PSIA 

COMBUSTOR  outer  CASE  STATIC  PRESSURE  62,22  PSIA  (XOUCER  »  11) 

BUrnEH  DIFFERENT  I  *  u  TOTAL  PRESSURE  8,22  "MG  (XOUCER  •  13) 

*  CHEMICAL  ANALYSIS  RESULTS  * 

Gas  samples  Taken  in  plane  #t 


CO? 

2,50? 

X 

02 

18,000  X 

CO 

262,7 

PPM 

CHX  2.8  PPM 

NU 

19,0 

PPM 

NU2 

11,0  PPM 

NOX 

30,0 

PPM 

(NO (NOIR)  ♦  N02(NQUV)J 

NO 

21.6 

PPM 

NO? 

,8  PPM 

NOX 

22.3 

PPM 

(  CHEMILUMINESCENCE  1 

EMISSIONS  INDEX,  LH/1P0M  lb  FuELl  CO*  18,43  CHX*  ,33 

CMfcMlLuMINESCENCE  NOX*  2,71,  NOIR  ♦  NOUV  NQX ■  3.00 

CALCULATED  F'uEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,011790 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS  I  98,4669  I 
CHECK  on  F/A  RATIO-  F/A  ■  ,012070  h/0  02,  CALCULATED  02  •  17,499  X 

SMOKE  index:  428 

SALTZH4N  NOX  ■  2bZ 


Figure  *405.  Final  Modified  Conventional  Liner,  Modification  ”B” 
at  Nonregenerative  40%  Power  -  50%  Closed  DZ. 
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T63  COkHuST t’H  EXPERIMENTS  -  RIG  E/U  70,  TEST  SERIES  85,  READING  «  992 
T *53  MODIFIED  C'^VEMIOivAL  LINER,  MOP  *8"  RUN  AT  STD  T63  INLET  CONDITIONS 
TEST  OAT'fcS  8-16-72  READING  WAS  TAKEN  AT  16451  8  HOURS 

CYCLE  P  U I  n  T  5  VARIABLE  GEOMETRY  8  X  CLOSED  40  X  POWER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  HO*  2.55 R  LB/StC  AVG  BURNER  INLET  TEMP  387  .  DEG  F 

AYb  BURNER  INLFT  PRYS  64.6  PSIA  AVG  BURNER  OUTLET  TEMP  1304.  DEG  f 

A vG  BURNEw  delta  p  5,19  "MG  PRESSURE  LOSS  3,85  X 

OVERALL  E/a  RATIO  .01313  (E/M)  FUEL  FLOW  RATE  120,85  LB/HR 

AIR  LOAD  FACTOR  1.15*6  PATTERN  EACTOR  .88183 

001  MOT  SPOT!  «  37  *  1504.  OEG  F  MAX  BOT  /  AVG  BOT  1.1539 

FUEl.  I*LET  TEMPERATURE  108.  OEG  F  FUEL  INLET  PRESSURE  135. B  PSIA 

MEAT  LOADING  PARAMETER  ,40564E*«>7  RTU/HOUR/ATM/CUBIC  FOOT 

*••«  MURNER  OUTLET  TEMPERATURE  SURVEY  *•** 
in  Tr.i-P  lu  TEMP  10  TEMP  ID  TF.MP  ID  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  1  2  144b,  6  1438,  15  1162,  19  1183.  24  1293,  27  1312,  36  1479. 

ANNULUS  2  4  135k,  7  1389.  16  1170.  21  1168,  83  1338,  34  1481,  37  1304, 

annulus  3  5  1390.  14  1086.  17  1015,  22  1147.  86  1330,  33  1438.  38  1339. 

LEFT  SI UF  ***  AIR  InlET  TUBE  CONDITIONS  •**  RIGHT  S10E 

TOTAL  PKtSSURE  64,65  PSIA  TOTAL  PRESSURE  64,64  PSIA 

STATIC  PRESSURE  64.89  PSIA  STATIC  PRESSURE  64,38  PSIA 

VELOCITY  DELTA  p  ,73  "MG  VELOCITY  DELTA  P  .64  "HG 

AIR  TEMPERATURE  397,  DFG  F  AIR  TEMPERATURE  397,  DEG  F 

AIR  VELOCITY  127,90  FT/SEC  A  JR  VELOCITY  120.23  FT/8EC 

DIFFERENTIAL  PRfcSSURtl  [(LEFT  P-TOTAL)- (RIGHT  P-TOTAL))  .013  "HG 

AIR  FLOW  OAT  A I  P-wtF*  103.4  PSIA  DELTA  P*  3,13  "HG  T-REF •  102.  DEG  F 

FUEL  SYSTEM  DATA! 

Fuel  F/M  FREQUENCY  448.  MZ  VOLUMETRIC  FLOW  RATE  19,61  GAL/HR 

FUEL  PRESSURE  AT  F/M  302.0  PSIA  FUEL  TEMP  AT  F/M  190,  DEG  F 

«*  MISCELLANEOUS  TRANSDUCER  READINGS  •* 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  62,09  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  83,18  PSIA  (XOUCER  X  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  3,20  "HG  (XOUCER  «  13) 

•  CHEMICAL  ANALYSIS  RESULTS  * 

GAS  SAMPLES  TAKEN  IN  PLANE  N1 


CO? 
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(NO(NDIR)  *  N02 (NOUV) ) 

NO 

87,5 

PPM 

Mj2 

1,9  PPM 

NOX 

29. 5 

PPM 

(  CHEMILUMINESCENCE  ) 

EMISSIONS  INDEX,  LB/100R  LB  FUELI  CO*  13,88  CHX*  ,18 

CHEMILUMINESCENCE  NOX*  3,81,  NOIR  *  NOUV  NOX*  4*40 

CALCULATED  FlEl/AIR  RATIO  FROM  CHEMICAL  ANALYSISl  ,018188 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSISl  08,8013  I 
CHECK  ON  F/A  RATIO.  P/A  ■  ,011611  W/0  08.  CALCULATED  08  *  17,688  I 

SMOKE  INDEX!  3^3*7 
SALTZMAN  NUX  •43o 


Figure  406.  Final  Modified  Conventional  Liner,  Modification  "B" 
at  Nonrogenerative  40X  Power  -  0%  Closed  DZ. 
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T6.5  COMBUSTOR  EXPERIMENTS  -  RIG  B/U  70,  TEST  SERIES  85,  RE  AO  INC  R  653 
163  uno IH ED  CONVENTIONAL  LINER,  ROD  "fc> "  RUN  AT  STO  T63  INLET  CONDITIONS 
TtST  DATE!  R-l*-7?  READING  MAS  TAKEN  AT  1/331  0  HOURS 

CYCLt  POINT  4  V  A>* I  ABLE  GEOMETRY  28  X  CLOSED  53  X  POKER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  Fl.Ow  2.7 39  LB/SEC  AVG  BURNER  INLET  TEMP  430,  DEG  F 

Avr;  bliNNEW  Inlet  pres  71.5  PSIA  AVG  BURNER  OUTLET  TEMP  1378.  OEG  F 

A Vi>  UUwNEIt  DELTA  P  7.22  "RG  PRESSURE  LOSS  4,97  X 

OVERALL  p/a  ratio  .01447  (F/k)  FuEL  FLO*  RATE  143,72  LB/HR 

AIR  LOAD  FACTOR  1,1514  PATTERN  FACTOR  .42956 

HOT  MOT  SPOTt  n  44  ■  1785,  OEG  f  MAX  BOT  /  AVG  BOT  1,2633 

Fuel  INLET  T6 mpe r a T URF  1*2,  DEG  F  FUEL  INLET  PRESSURE  202,3  PSIA 

nt*r  LuaDInG  Parameter  .43ft<ME»e7  BTLi/NCUR/ATF/CUBIC  FOOT 

.***  BURNER  OUTLET  TEMPERATURE  SURVEY  *«•* 

10  TgPP  ID  TEMP  iu  TEMP  ID  TEMP  10  TEMP  10  TEMP  ID  TEMP 
annuU'S  1  2  1456,  6  1461.  15  1316,  19  1190,  24  1284.  27  1392,  36  1007, 

Annulus  2  4  I486,  7  148H,  16  1236.  21  H81,  23  1314,  34  1708,  37  1007, 

ANNULUS  3  S  14(1',  14  1167,  17  1206,  22  1  147,  20  1303,  33  1036.  36  1428. 

LEFT  Slot  ***  AIR  iNLtT  TUBE  CONDITIONS  ***  RIGHT  SIDE 

TOTAL  PRESSURE  71,40  PSIA  TOTAL  PRESSURE  71,31  PSIA 

STATIC  PRESSURE  71.09  PSIA  STATIC  PRESSURE  71,22  PSIA 

VELOCITY  DELTA  P  ,66  "MG  VELOCITY  DELTA  P  ,30  "MG 

AIR  TEMPERATURE  430.  OEG  F  AIM  TEMPERATURE  430,  OCG  F 

AIM  VELOCITY  118.28  FT/SEC  AIR  VELOCITY  111,20  FT/IIC 

DIFFERENTIAL  PNMS4UMFI  t  (LEFT  P-TQT  AL)-  (MIGHT  P-T0TAD1  -.217  "HG 

AIR  FLO*  OAT  A I  P.MEF*  143.0  PSIA  DELTA  P*  3,04  "HG  M(M  66.  OEG  F 

FUEL  SYSTEM  DATA! 

FUEL  F/m  FREQUENCY  S33.  HZ  VOLUMETRIC  FLOP  RATe  23,33  GAL/HR 

FUEL  PRESSURE  AT  F,m  344, S  PSIA  Flif L  TEMP  *T  F/M  108,  Of#  F 

**  MISCELLANEOUS  TRANSDUCER  READINGS  •• 

MANIFOLO  AVtHAGF  BURNER  OUTLET  TOTAL  PRESSURE  97,01  PSIA 

COMBUSTOR  outer  CASK  STATIC  PRESSURE  69,42  PI1A  (XDUCER  R  11) 

BURNtR  DIFFERENTIAL  TOTAL  PRESSURE  7,12  "MG  (XOUCI*  0  13) 

«  CHEMICAL  ANALYSIS  RESULTS  * 

Gas  samples  Taken  in  plane  «i 
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FUEL* 

CO* 

10.46 

CMX*  ,83 

CMEMIH'MINESCENCE  NUX •  3.68,  NOIR  ♦  NDUV  NOX*  4,86 

CALCULATED  FlEL/AIR  RATIO  FRO"  CHEMICAL  ANALYSIS!  ,614304 

CALCULATED  COPMuSIIOn  EFFICIENCY  FROM  CM|M)CAL  ANALYSIS  I  09. 9319  X 
CHELA  ON  F/A  RATIO-  F/a  •  ,011063  R/0  02.  CALCULATED  08  •  17,711  8 

SMOKE  1  NL/EX  |  2424 

SALTZMAN  NOX  -  4o  z  PPM 


Figure  407.  Final  Modified  Conventional  Liner,  Modification  *'B" 
at  Nonregenerative  55X  Power  -  28#  Closed  DZ. 
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T63  COMHUSTO^  E iP-iMffMS  -  RIfi  8/1.1  7t»,  TEST  SERIES  85,  READING  0  954 
T63  rti)i>IF  IEt  COK  VEKTIONAU  LlNtR,  HOD  "B"  RUN  AT  STD  T63  INlET  CONDITIONS 
TEST  OATfcl  N-16-7i>  READING  WAS  TAKEN  AT  1754140  HOURS 

CYCLt  ROInT  4  V  AR  I  a8LE  GEOMETRY  5 0  X  CLOSEO  53  X  POWER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

eURNkR  AIR  FLOY  2.751*  LB/SEC  AVG  BURNER  INLET  TEMP  430,  DEG  F 

AVG  BUKNER  Inlet  pj-f.s  M.B  PSIA  AVG  BURNER  OUTLET  TEMP  1397,  OEG  F 

AVG  BURNER  delta  P  1A.H4  «hG  PRESSURE  LOSS  0,87  X 

OVERALL  E/A  RATIO  .*1464  (F/W)  FUEw  FLOW  RATE  144,89  LB/MR 

AIR  LOAD  Factor  1.1431  PATTERN  FACTOR  ,1»434 

BOT  MOT  SPOT  1  a  36  «  1576.  DEG  F  MAX  DOT  /  AVG  BOT  1,1276 

FUEL  INLET  TEMPtWATuNF  Hi,  OEG  F  FUEL  INLET  PRESSURE  202.9  PSIA 

HEAT  LEADING  PAkamfTM  ,437m*?7  B TU /HOUR/ A TM/CU8 IC  FOOT 

•  *•«  BURNER  outlet  TEMPERATURE  survey  **«* 

10  TtfcP  in  TEMP  10  temp  10  TEMP  10  TEMP  ID  TEMP  ID  TEMP 
annulus  1  2  13C2.  6  1330,  lb  1313,  19  1313,  24  1424,  *7  i486,  36  1976, 

ANNULUS  2  4  1523.  7  1524,  16  1261.  21  1257,  25  1420,  34  1341,  37  1556. 

annulus  3  b  1425.  14  1466,  17  1P31,  22  1242,  26  1376,  35  1306,  39  146B, 

LEFT  Slot  ***  AIR  INLET  TUBE  CONDITIONS  •••  RIGHT  SIOE 

TOTAL  PRESSURE  71.73  PSIA  TOTAL  PRESSURE  71,79  PSIA 

STATIC  PRESSURE  71.32  PSIA  STATIC  PRESSURE  71,43  PSIA 

VELOCITY  DELTA  p  ,64  "MG  VFLOCITV  DELTA  P  ,72  "MG 

AIR  TEMPERATURE  431,  OEG  F  AIR  TEMPERATURE  430,  OEG  P 

AIR  vf lOC  1 T Y  132,76  FT/SEC  AIN'  VELOCITY  123,37  FT/SEC 

DIFFERENTIAL  PRESSURE!  KLEFT  P-TOT AL ) - (R I  GMT  P-TOTAUl  -.110  "MG 

air  FLO*  D A T a j  F-RLF*  JRJ.l  PSIA  OEL  T A  P»  3,59  "Mfi  T-R|F»  95,  DEG  F 

fuel  system  qatai 

fuel  fv*  frequency  537.  w?  volumetric  flow  rate  23,30  cal/mr 

FUEL  PRESSURE  at  F/w  347,1  PSIA  FUEl  TEMP  AT  F/M  ill,  OEG  F 

«*  miscellaneous  transducer  READINGS  •* 
manifold  AVERAGE  BURNER  Outlet  total  PRESSURE  66,83  PSIA 
C0M8UST0R  OUTER  CASE  STATIC  PRESSUPF  69,28  PSIA  (XOuCt*  •  11) 

BURNER  DIFFERENTIA!  TOTAL  PRESSURE  9.99  "MG  t«OuCE»  •  13) 

•  chemical  analysis  results  • 
gas  samples  taken  in  plane  »i 
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CHEMILUMINESCENCE  n0x«  3,24,  NOli  *  NOUV  noip  3,00 

CALCULATED  FGEL/*tR  RATIO  FROM  CHEMICAL  ANALYSISl  ,017134 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSISl  90,644*  X 
CHECK  On  F/a  RATIO-  F/a  •  ,913449  w/0  02,  CALCULATEO  0»  •  17,004  % 

SMOKE  I  NOE A  I  lOZo 
* «.  ppm 


Figure  408.  Final  Modified  Conventional  Liner,  Modification  "B" 
at  Nonregenera tive  SSX  Power  -  SOX  Closed  DZ. 
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Tea  COHHUSTO*  t>Pr«i:'fcNTS  -  Blr.  P/u  Vi,  TEST  SERIES  65#  READING  N  955 
T6.»  rttU-lr  IttJ  C«)KWt«*T  ION4L  LINEN,  MOD  " H "  RUN  AT  STD  T63  INLET  CONDITIONS 
TtST  I)  A  T  t  ]  9- 1  *: « 7  ?  HML.JG  NAS  TAKFN  AT  16361  3  HOURS 


a  Cut  r'OIfJT  3  VA^Iirfut  itC'-tf  TRr  5*  X  CLOSED  75  X  POWER  SETTING 


EXPERIMENTAL  CONDITIONS  ***** 


eufivtw  AIR 

FLU  ■* 

2. 997 

LB/SEC 

AVG  BURNER  INLET  TEMP  473. 

DEG  P 

AV(.  >jli8NLR 

l*t.eT  Pi'l  5  *4, <3 

PS  I A 

tvG  PuRNtR  OUTtPT  TEHP  1549. 
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"hG 
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X 
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(P/P) 
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PUfcL  InLct 
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DEG  P 

FUEL  INLET  “RLSSURE 

244.9 

PSIA 

Hfc*  T  LUAl  JM.  P4«**-FTrR  ,*76>*lE*P-  feTL/HOUR/ATH/CUBIC  FOOT 

*  *  • « 

.ON  N  8 

OUTLET  TFHPtR ATuRE  SURVEY  a*** 

II  TC^P 

Tt’R 

ID  T  E  RP 

10  UP*  If*  TERR  JO 

TERP  10 

T|NP 

ANNULUS  t 

2 

A  loNO. 

15  1464. 

19  1463.  <4  1566.  27 

1633,  36 

1764, 

ANNIJLU*  2 

8  16*4, 

7  T  6vA  , 

.6  1397. 

21  14P8,  25  i563.  34 

1718,  37 

1738. 

ANNULUS  3 

S  1  ’’  A  I  . 

14  11*3, 

17  1125. 

22  1372.  26  1517.  35 

1685,  39 

1626. 

LE‘ T  SIDE 

*  A*  A  IN 

Inlet  tuhe 

CONDITIONS  *•• 

RIGHT 

SIDE 

1  c  :  il  PRt 

0H.94 

Pa  1 A 

TOt Al  PRESSURE 

••.95 

PSIA 

ST*t>c 

$Sg*E 

**.58 

P5IA 

STATIC  PRESSURE 

•  •.<1 

PSIA 

vtLOCITv  ijP.t.  !*  f 

.71 

•hG 

VELOCITY  DELTA  P 

,7t 

•HC 

A I*  TtHptNATl'Nt 

47  J. 

Of  (.  P 

A  JR  TPMtttATuRE 

473, 

0E6  P 

A 1 8  Vf LUC  1 T  > 

117.56 

P  T /St  C 

A|R  VELOCITY 

118,46  TT/SEC 

IMMINENT  IAl  R-tSSi/Nt  t  “-TOTAL)-(RIGHT  P-TOTAL))  *.427  *HG 

*l»  ElOn  I# aT* t  P-RtE*  1*2.7  <*3I*  OELT*  P*  4,jf  T-REP*  S3,  OCG  * 

EuEi.  SYSTF.h  DAT  *  t 

fuel  p/n  e-eouenc*  opj,  pi  volupcytic  plo*  rate  ts.ss  gal/hr 

►  U'L  PRESSURE  »T  k  /¥  35*. 7  RSI*  EuK  T|HP  *T  P/N  1*4.  CCS  E 

••  MISCELLANEOUS  TRAkSDutt*  READINGS  •• 

pAkifuLD  average  <?<**ne*  outlet  total  pressure  79,93  psia 

COH8US10*  OUTP*  CASE  STATIC  RRESSU*!  PS, AS  ASIA  (lOuCt*  •  II) 

«U«nEn  OIFfMEvTML  TOTAL  8T  SSL  *t  14, 6t  •PS  UOuCIft  •  13) 

•  CnERICAL  ANALYSIS  AtlULtS  • 

GAS  SAHPLtS  Taken  Jn  Plane  •! 
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CALtULATfO  P(tL/AlR  RATIO  PROP  ChEMCAL  ANALYSIS!  .*!•?»• 

Calculated  cohplsiion  cppiciency  prop  c*1*ICal  analysis!  il.Tllt  « 

CHECK  on  P/a  ratio*  P/A  ■  ,414654  v/O  Of,  CalCULATEO  09  *  IS, SSI  « 

l"0«E  lNDt*»  l*7b 
SALTINAN  no*  • 


Figure  409.  Final  Modified  Conventional  Liner,  Modification  "B" 
at  Nonregenera five  7S&  Power  -  SOX  Closed  D2> 


62  S 


T6i  cnrttJUSTn«  ‘•.KKF.NlHt.N7S  •  «» I G  b/u  7P,  Tt.ST  SCRIES  #5,  READING  »  896 
T«3  NPOIUtP  CONVENTIONAL  L1mE«,  NOD  "b"  HUM  AT  STD  T63  INLET  CONDITIONS 
Igst  DATE  t  «-lAi-;y  HE  AO]  MG  HAS  TAKEN  AT  1*59144  HOURS 

C  T  C  l_  t  HOIN1  3  VAfiI*HLj  Gfcr»*t1HV  ?P  X  CLOSED  75  *  POWER  SETTING 

•  **•«  EkpE^IheaTal  CONUTICNS  •*•** 

b'jHNtH  AIR  PlO-t  J.t'Pl  Lfl/sec  AVb  EURflER  Inlet  TCMP  472,  DEG  7 

AVti  bbHMfcK  Iml^T  HHES  M,2  PSIA  Aw G  BURNER  OUTLET  TEMP  1541,  DEG  F 

AVI-  ny«Ntw  delta  /,4#  PBtSSUNE  LOSS  4,53  % 

overall  e/a  watio  ,n»<7  tf/f)  Put l  flow  rate  177. »i  lb/hr 

AIK  L°AO  EaCT(H  1,(37#  PATTERN  MACTOR  ,45*7* 

auT  HH1  SPuTl  t*  34  «  2432  ,  DEC.  F  PAX  POT  »  AVG  BOT  1,31*3 

E  UtL  InlET  TEHPfe^AU'hk  li'5,  LfcG  ►  FUEL  INLET  PRESSURE  2*6.8  PSIA 

p£AT  LOADING  PApapETEK  ,474#kife*p;  t*TL /HfUW/ATF/CuRIC  FOOT 

•  diiWNEH  CviTtFT  TEkPEKaTuRE  SURVEY 
Ii!  TE^P  ID  TE*P  tn  TEMP  ID  T t HP  1C  TEMP  10  T|(*P  ID  TEHP 
ANMJLL'S  1  2  (Dtb.  A  t*Ap.  15  J447  .  1<  1267,  ?4  1413.  27  t54«.  36  IB93. 

*NNUL"S  2  4  1#V2.  7  16N#.  16  1357,  ?J  1294.  25  1431.  34  2*32.  37  1*32. 

annul*'*  3  5  1  #22,  14  12*1 ,  i7  1 1 R4 ,  22  127*.  26  J441,  3S  1*62.  39  1627. 

LENT  Slut  •••  4?H  Inlet  Tub!  CONDITIONS  RIGHT  side 

total  pressure  #1.2?  PSIA  TOTAL  PRESSURE  *1,23  PSIA 

STATIC  PRESSURE  N?,#3  PSIA  STATIC  PRESSURE  **.9C  PSIA 

VELOCITY  DELTA  P  .61  “eg  wEIOCITY  DELTA  P  ,6*  "MG 

AlN  T  E.  EPfe  R  A  Tuh  f  472,  OEG  ¥  AIK  t 'MPtuTURt  472,  DIG  P 

AIR  VELOCITY  125.45  FT /SEC  ATN  VELOCITY  11S.2*  FT/SIC 

OJFAf RttT JAl  AVASSi.Kfcj  c  »  P*TOTILJ*(nIGhT  P-TOTAl)}  -.*19  *HG 

*!M  »LU«  OATAJ  »‘*NE*4  1/1,*  PSU  SHTA  Pa  4,26  «nft  T.R|F«  ft,  DIG  P 

Eu»l  3»ST€p  -'■*?»! 

EutL  N  # ;  EhE  vI-ENC*  9#3.  ►!  VOLUMETRIC  FlOh  RATE  2*. *4  GAL/mR 

fu»L  PRESSURE  * T  F/*  3*2,4  PSIA  Fuel  Ti**P  AT  P/H  1#S,  OtG  P 

••  "ISCIllanCO/S  ThakSDUCI*  READINGS  «• 
mantfulO  AVERAGE  HvfcNfR  DuTLEt  TOTAL  P»lSSu*t  77,55  PSIA 
tLMVSTO*  H-Tfi  CASE  STATIC  PRESSURE  79. #3  PSU  (lOuCCR  ■  ||) 

fcURMR  OlEEFRtsTjAL  TOTAL  PRESSURE  7,47  UOuCIR  «  IS) 

•  Chemical  ANALYSIS  RESULTS  a 
GAS  SAMPLES  Taken  |n  PLANE  •! 

CP?  2*65F  X  r?  ti.SRp  t  CD  154,7  PPM  CM1  ,*  PPM 

Nfi  IP.*  PP-  nc 7  11,5  PPM  NC»  42,4  PPM  tNO(NO!R)  ♦  *02ft»DUV>) 

NO  34.3  PP*  nc?  1,9  ppm  NO l  36. 3  PP"  I  tMf PlLUMlNCSCfNCt  1 

EMISSION*  »Ntt»,  l 6/ lr 4#  L*  Putll  CCt  *,|4  CnIr  ,«| 

C*EhILU-UISCEnCI  nO* «  3, SI,  NDIR  a  NOUV  NO*p  4. IS 

CAl«-UL4TE0  PtiL/AU  RATIO  P  0"  CHEMICAL  ANALYSIS!  ,fU.'*9 

calculated  comrlstidk  epficiercy  p*cm  chemical  analysis!  ss.sssa  » 

CHECK  ON  F/A  line.  P/A  •  ,*12722  h/0  02,  CALCULATED  G2  *  17, 2S*  t 

SMCKt  UctM  3 6/S* 

SAlTImAn  no*  •  53.0  PPM 


Figure  mo.  Final  Modified  Conventional  Liner,  Modification  "B" 
•  t  Nonregeneratlve  7594  Power  -  ?#%  Cloned  DZ. 


T« JS  COMBUSTOR  EXPERIMENTS  -  RIG  B/V  70,  TEST  SERIES  85,  READING  «  957 
T63  MODIFIED  COKvtMIOML  LINER,  HOD  "B"  RUN  AT  3T0  T«3  INLET  CONDITIONS 
TEST  uATEJ  H-1M-/2  READING  NAS  TAKEN  AT  19271  7  HOURS 

CYCLE  point  2  V  AR I A 8l  fc  GEOMETRY  5fc  *  CLOSED  100  X  PQNER  SETTING 

*****  EXPERIMENTAL  CONL'ITICNS  ***** 

BUHNER  AIR  FLC'w  3.245  LB/StC  AVG  BURNER  INLET  TEMP  323.  DEG  F 

AVG  pu*nER  IMET  PRES  92.4  PSIA  AVG  BURNER  OUTLET  TEHP  1702,  DEG  F 

avg  burner  delta  f  11.3^1  "mg  pressure  loss  e.ei  x 

OVERALL  F/A  RATIO  . t- 1 b*6 1  (n/h)  FUEL  FLO*  RATE  229,09  L8/HR 

AIR  LOAD  TACTUR  i .  14*^5  PATTERN  FACTOR  ,20536 

COT  HOT  5PUT1  *  36  ■  2^41,  DEG  F  MAX  BOT  /  AVG  BOT  i.1451 

FUEL  INLET  TFMPtKATuRF.  1.40.  CfcG  F  FUEL  INLET  PRESSURE  439.2  PSIA 

HEAT  LOADING  PAHAMETtR  ,53732E*?7  BTU/HCUR/ ATM/CUBIC  FOOT 

****  bljRNER  OUTLET  TEMFERaTuRE  SURVEY  **** 

ID  Tfct-P  in  TEMP  ID  TfcMP  ID  1EMP  ID  TEMP  ID  TEMP  10  TEMP 
ANNULUS  1  ?  J8P2.  6  1R23.  15  1705.  IS  1600.  24  1749,  27  1036,  36  2841. 

AnnijluS  2  4  193a.  7  )94Q.  j6  1617.  21  1621,  25  1750.  34  2035,  37  2035, 

ANNULUS  3  6  1H13,  14  1401.  17  1278.  22  1556,  26  1720.  35  1905,  39  1897. 

LEFT  Slot  ***  AIR  INLET  TUBE  CONDITIONS  ***  RIGHT  SIDE 

TOTAL  PRESSURE  62.39  PSIA  DIAL  PRESSURE  92.46  PSIA 

STATIC  PRtSSliKE  91.97  PSIA  STATIC  PRESSURE  92.01  PSIA 

VELOCITY  DELTA  p  .83  "HG  VELOCITY  DELTA  P  ,92  "MG 

AIR  TEMPERATURE  523.  0  5  F  AIR  TEMPERATURE  523.  DEG  F 

A I  *  VELOCITY  123.41  FT/SEC  AIR  VELOCITY  12B.45  FT/SEC 

DIFFERENTIAL  PRESSURES  t  (LEFT  P-TQ1 Al)- (RIGHT  P-TOTAL)]  -.147  "HG 

air  FLOW  data:  F-KeF*  102.?  PSIA  delta  p»  5.01  "HG  T-REF*  89,  DEG  F 

fuel  system  datm 

fuel  F/m  FREQUENCY  839.  HZ  VOLUMETRIC  FLON  RATE  37,31  GAL/HR 

FUEL  PhESSuRE  AT  F/H  562,9  PSIA  FUEL  TEMP  AT  F/M  107,  DEG  f 

**  MISCELLANEOUS  TRANSDUCER  r  E  *nINGS  ** 

MANIFOLD  AVEPAGE  BURNER  OUTLET  TOTAL  PRESSURE  86,87  PSIA 

COMBUST  OR  OUTER  CASE  STATIC  PRESSURE  89.58  PSIA  (XOUCER  8  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  11,23  "HG  (XOUCER  »  13) 

*  CHEMICAL  ANALYSIS  RESULTS  * 

GAS  SAMPLES  TAKEN  IN  PLANE  *1 


CO?  3.374 

% 

02  11.600 

X 

CO 

97,4 

PPM 

CMX  ,2  PPM 

GO  37,9 

PPM 

NC2  7,2 

PPM 

NOX 

65.1 

PPM 

(NO(NOIR)  4  NOS(NDUV)] 

NO  61.7 

PPM 

NU?  2.0 

PPM 

NOX 

83.7 

PPM 

(  CHEMILUMINESCENCE  ] 

EMISSIONS 

index 

,  1.M/1PP0  LB 

FUEL  I 

CO* 

4,90 

CHX«  .01 

CHEMILUMINESCENCE  NOX*  5,26,  NDIR  ♦  NDLIV  NQX*  5,38 

CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  AN ALYSISl  ,021460 

CALCULATED  CQMSuSflUN  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  90,8461  I 
CHECK  ON  F/»  RATIO-  F/a  ■  ,017628  */0  02.  CALCULATED  02  •  16,014  X 

SMOKE  IN0EX1  3/0  3 

8ALTZMAN  NOX  ■  7^, 9  PPM 


Figure  411.  Final  Modified  Conventional  Liner,  Modification  "B” 
at  Nonregenerative  10096  Power  -  5096  Closed  DZ. 
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TABLE  LXXXVI.  EMISSION  DATA  OF  FINAL  DESIGN,  MODIFIED  CONVENTIONAL 
COMBUSTOR  LINER  MODIFICATION  "B"  OPERATING  AT  T6  3 
NONKEGENF.RATIVE  COMBUSTOR  CONDITIONS 


Dilution  Zone  Variable 
Geometry  Setting 


Closed 
CO,  (ppm) 

CxHy,(ppm) 

N0x,  (NDIR  &  NDUV)  (ppm) 
N0x,  (CL)  (ppm) 

NQx,  (Sal  tzman)  (ppm) 
Smoke  Index 


397.0 

3S.0 

19.3 

9.0 

20.2 

22.8 


2894  Closed 

CO,  (ppm) 

400.6 

CxHy,  (ppm) 

20.0 

N0x,  (NUIR  &  NDUV)  (ppm) 

18.0 

N0x,  (CL)  (ppm) 

21.6 

NO^.  (Saltzman)  (ppm) 

20.8 

Smoke  Index 

13.0 

SOX  Closed 

CO,  (pp.n) 

717.8 

cxHy,(PPm) 

15.2 

N0x,  (NDIR  &  NDUV)  (ppm) 

17.9 

N0x,  (CL) (ppm) 

8,7 

N0x,  (Saltzman)  (ppm) 

19.2 

Smoke  Index 

1.5 

Cvcle  Point 


S 


183.4 

2.2 

36.6 

29.5 

43.0 

36.4 


216.4  166.8 

5.0  2.3 

22.6  27.9 


13.6  14.3 


154.7  154.7 

2.2  .8 

38.4  42.4 

29.5  36.3 

40.2  53.8 

24.2  38.1 


181.3  131.3 
1.7  .2 

35.1  44.0 

29.5  39.2 

42.1  52.5 

10.2  19.8 


NZ'UV ) 


nitrogen  oxide  concentrations  for  both  28%  and  50%  closed  settings 
were  quite  similar  and  well  below  the  conventional  combustor  level. 
Modification  "B"  reduced  N0X  by  20%  over  the  duty  cycle.  The  CO  vs 
NOx  tradeoff  curves  in  Figure  415  illustrate  that  both  CO  and  N0X 
concentrations  have  been  reduced.  A  decrease  in  one  emission  has 
not  been  obtained  by  simply  changing  the  combustor  operating  condi¬ 
tions  to  increase  the  other  constituent. 

The  greatest  effect  of  changes  in  the  dilution  geometry  was  obtained 
in  the  smoke  number  readings;  see  Figure  416.  Even  though  the  air- 
blast  fuel  injector  greatly  reduced  the  smoke,  particulates  were 
increased  by  25%,  over  the  LOH  duty  cycle,  when  compared  to  the 
original  Conventional  T63-A-5A  baseline  smoke  measurements.  When 
compared  to  the  second  baseline  retest  smoke  measurements,  the 
Modification  "B"  Final  Modified  Conventional  reduced  the  smoke/ 
particulates  by  73%. 

The  total  mass  emissions  for  the  "Final  Design  Modified  Conventional 
Modification  "B"  Combustor  Liner,"  was  51%  below  the  total  emissions 
from  the  Conventional  T63-A-5A  combustor  liner.  A  summary  of  the 
emission  performance  for  each  configuration  of  the  Modified  Conven¬ 
tional  combustor  .liner  is  given  in  Table  LXXXVII.  Even  though 
Modification  "B"  did  not  produce  the  total  reduction  of  the  initial 
design,  it  was  able  to  reduce  hydrocarbons,  carbon  monoxide,  and 
nitrogen  oxide  simultaneously. 

Summaries  of  the  exhaust  temperature  profiles  for  the  Conventional 
T63  combustor  liner,  the  Extended-Length  combustor  liner,  and  the 
Final  Modified  Conventional  Modification  "B"  combustor  liner  are 
compared  in  Table  LXXXVIII  and  Figure  417.  The  temperature  profile 
for  the  50%  closed  geometry  setting  was  the  best  of  the  Final  Com¬ 
bustors  tested.  Even  at  maximum  power  conditions,  the  worst  profile 
measured  for  the  50%  closed  setting,  the  Tmax/Tavg  value  was  only 
1.145. 


Following  the  nonregenerati ve  combustor  conditions  testing,  the 
Modified  Conventional  Modification  "B"  combustor  liner  was  tested 
at  regenerative  engine  conditions.  Four  different  dilution  geometry 
settings  were  used  during  these  tests:  0%,  28%,  50%,  and  71%  closed. 
The  test  data  sheets  for  the  fifteen  data  points  taken  are  presented 
in  Figures  418  through  432.  The  emissions  data  from  these  operating 
points  are  summarized  in  Table  LXXXIX.  Using  variable  geometry, 
the  Modification  "B"  combustor  liner  was  able  to  maintain  carbon 
monoxide  at  80.8  ppm  at  idle  and  to  limit  the  nitrogen  oxide  pro¬ 
duction  to  /8.1  ppm  at  takeoff  power  conditions.  A  comparison  of 
LOH  duty  cycle  emissions  for  both  the  Conventional  T63-A-5A  and  the 
Modified  Conventional  Modification  "B"  combustor  liner  is  given  in 
Table  XC.  The  average  cycle  fuel-consumption  rate  for  a  nonregen- 
erative  engine  is  140.65  lb/hr,  and  for  a  regenerative  engine  the 
fuel  rate  ia  97  54  lb/hr.  Therefore,  on  a  total  mass  basis,  the 
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Figure  415.  Nonrcgenerati ve  T63-A-5A  Combusto? 

Carbon  Monoxide  VS  Nitrogen  Oxides  Emission  Data 
Comparison  for  Standard-Length,  Modified  Conven¬ 
tional,  Modification  'B’*  CombusVor  and  T63  Base¬ 
line  Combustors. 
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TABLE  LXXXVII.  EMISSION  INDEX  SUMMARY  FOR  T63  BASELINE  AND 
FINAL  MODIFIED  CONVENTIONAL  COMBUSTOR 


Combustor  Tested 

CXHy 

CO 

N0X 

Particu¬ 

lates 

Total 

Emissions 

EMISSION  INDEX  (lb  /1000  lb  fuel) 

#  Baseline 

1.544 

26.094 

5.068 

.239 

32.945 

•  Final  Modified 
Conventional 

Initial  Design 

.161 

6.878 

5.970 

.438 

13.447 

Modification  ”A" 

.500 

15.966 

4.499 

3.471 

24.436 

Modification  "B" 

.364 

11.432 

4.068 

.298 

16.162 

RELATIVE  EMISSION  INDEX  (X) 

*  Baseline 

100 

100 

100 

100 

100 

•  Final  Modified 
Conventional 

Initial  Design 

10 

26 

118 

183 

41 

Modification  ''A" 

32 

61 

87 

14S2 

74 

Modification  "B" 

24 

44 

80 

125 

49 
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r  igure  417.  Nonregenera tive  T63-A-SA  Combustor 

Temperature  Profile  Data  Comparison  for 
Standard- Length,  Modified  Conventional, 
Modification  "8"  Combustor  and  T63  Baseline 
Combustors. 
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T63  COMBUSTOR  EXPERIMENTS  •  RIG  B/U  70,  TEST  SCRIES  07,  READING  »  901 
T03  MOOIFIEO  CONVENTIONAL.  LINER,  MOO  "B*  RUN  REGEN  T«3  INLET  CONDITIONS, 
TEST  OATEI  0*17-72  READING  MAS  TAKEN  AT  1421129  HOURS 


CYCLE  POINT  1  VARIABLE  GEOMETRY  B  X  CLOSEO 


10  X  POKER  SETTING 


•  EXPERIMENTAL  CONDITIONS  ••••• 


BURNER  AIR  FLOW  1,763  LB/SEC 

AVG  BURNER  INLET  PRES  43,7  PSIA 
AVG  BURNER  OCLTA  P  3,21  *MG 
OVERALL  P/A  RATIO  ,00810  (P/M J 
AIR  LOAO  FACTOR  1.39BB 

SOT  MOT  SPOT  I  •  30  •  1331,  0E6  F 

FUEL  INLET  TEMPERATURE  90,  DEG  F 
MEAT  LOADING  PARAMETER  ,2S334C*07 


AVG  BURNER  INLET  TEMP  369,  OEG  F 
AVG  BURNER  OUTLET  TEMP  1107,  DEG  P 
PRESSURE  LOSS  9,06  I 

FUEL  FLOW  RATE  SI, 43  LB/HR 

PATTERN  FACTOR  ,34303 

MAX  BOT  /  AV6  BOT  1,1403 
FUEL  INLET  PRESSURE  33,1  PSIA 
BTU/MOUR/ ATM/CUBIC  FOOT 


BURNER  OUTLET  TEMPERATURE  SURVEY  •••• 


10 

TEMP 

10 

TEMP 

ID 

TEMP 

10 

TEMP  10 

TEMP 

ID 

TEMP 

2D 

TEMP 

ANNULUS 

1 

2 

nsi. 

6 

1244, 

13 

1112, 

19 

ISIS,  24 

1139. 

27 

1203, 

30 

1330 

ANNULUS 

2 

4 

12PS, 

7 

1292, 

16 

1090, 

21 

t«73,  23 

11SS, 

34 

1307, 

37 

1391 

ANNULUS 

3 

3 

1161, 

14 

1042, 

17 

1001, 

at 

1197,  29 

1144, 

39 

1222, 

39 

1109 

left  side 
TOTAL  PRESSURE 
STATtC  PRESSURE 
VELOCITY  OCcTA  P 
AIR  TEMPERATURE 
AIR  VEL  CITY 


•••  AIR  INLET  TUBE  CONDITIONS  •  •• 


43, #8  PSIA 
43,31  PSIA 
, 70  #NG 
670,  OEG  P 
174,99  FT/SEC 


total  pressure 

STATIC  PRESSURE 
VELOCITY  DELTA  0 
AIR  TEMPERATURE 
AIR  VELOCrt 


DIFFERENTIAL  PRESSURE  I  ((LEFT  P.TOTAU* (RIGHT  P-TOTALM 


RIGHT  SIDE 
43,07  PSIA 
43.33  PSIA 
.70  "MG 

609,  OEG  F 
179,91  PT/SCC 
•,093  *H6 


AIR  FLOW  OATAI  P«R|F*  104,0  PStA  OElTA  ••  1,47  *MG  T*REF •  100,  OEG  P 

fuel  system  oatai 

Fuel  F/m  PREOUENCY  191,  HI  VOLUMETRIC  PLOW  RATE  0,3t  GAL/HR 

fuel  pressure  at  p/n  tss.t  piia  fuel  temp  at  f/m  99,  oto  f 

••  MISCELLANEOUS  TRANSOUCE0  READINGS  u 
MANIFOLO  AVERAGE  iURMCR  OUTLET  TOTAL  PRESSURE  4(t|R  PStA 
COMGUSTOR  OUTER  CASE  STATIC  PRESSURE  A}, 99  PSIA  (XOUCCR  •  11) 

GURNER  DIFFERENTIAL  TOTAL  PRESSURE  9, It  *N6  (XOUCCR  R  IS) 

•  CHEMICAL  AN4LTIIS  RESULTS  • 

GAS  SAMPLES  TAKEN  In  PLANE  l| 

cot  1,S7R  I  01  ttfttt  I  CO  PPM  Chi  1,1  Ppm 

MO  20,2  PPM  NO!  1,1  PPM  NO*  Si, 3  PPM  (NO(mOIR)  •  MOt(«OUV)l 

MO  .•  PPM  MOt  ,S  PPM  MOI  ,•  PPM  (  CHEMILUMINESCENCE  1 

EMISSIONS  InOII,  LS/tGSG  Ll  PUtLI  C04  0,71  Cn«s  ,03 

CmEnIlUMIMISCEMCC  MOI*  ,00*  NOIR  ♦  MOUV  NOl*  B,10 


CALCULATED  PutL/AlR  RATIO  FROM  CHEMICAL  AMALY0I0I  .007130 

CALCULATED  COM0U0TION  CFFICIf nCT  FROM  CHEMICAL  AMALTII0I  00.7140  S 
CHECK  ON  F/A  RATIO*  P/A  ■  ,007000  M/0  Of,  CALCULATED  Ot  •  1S.70S  t 

SHORE  ImOExi  7 *IZ 

SALTZNAM  NOl  •  30-0  *FM 

9«K»994P99««09«409999  94099  9#99  99*4X  9RX99999999*  v  99*99 9**999 *99999 9«9«**»*999 999 


Figure  418.  Final  Modified  Conventional  Liner,  Modification  "B" 
at  ftegenerative  l OK  Fewer  -  OK  Closed  D2. 


639 


T63  COMBUSTOR  EXPERIMENTS  -  RIG  8/U  76,  TEST  SERIES  87,  READING  R  962 
T6S  MODIFIED  CONVENTIONAL  LINER#  MOD  "6"  RUN  REGEN*  T93  INLET  CONDITIONS, 
TEST  OATEI  8-17-72  READING  NAS  TAKEN  AT  14481  4  HOURS 


CYCLE  POINT 


VARIABLE  GEOMETRY  26  X  CLOSED  16  X  POnER  SETTING 


experimental  CONDITIONS  *•••• 


BURNER  AIR  FLON  1.782  LB/SEC 

AV6  BURNER  INLET  PRES  43,6  PSIA 
AVC  BURNER  DELTA  P  6.48  «HG 
OVERALL  P/A  S'TIO  ,86689  (P/M) 

AIR  LOAD  FACTOR  1,3647 

BOT  MOT  SPOTI  R  34  •  1333,  DEG  F 
FUEL  INLET  TEMPERATURE  161,  OEG  P 
MEAT  LOADING  PARAMETER  ,2S31BE*67 


AVG  BURNER  INLET  TEMP  66B. 
AVG  BURNER  OUTLET  TEMP  1166, 


PRESSURE  LOSS  7,17 
FUEL  FIOM  RATE  91.61 
PATTERN  FACTOR  ,39169 
MAX  BOT  /  AVG  BOT  1,1491 
FUEL  INLET  PRESSURE  94,8 


6TU/MOUR/ATM/CUBIC  FOOT 


DEG  F 
DEG  F 
X 

LB/MR 


PSIA 


10  TEMP 

ANNULUS  1  2  1167, 
ANNULUS  2  4  1193, 
ANNULUS  3  5  1194, 


BURNER  OUTLET  TEMPERATURE 
ID  TEMP  ID  TEMP  ID  TEMP 

6  1228,  19  1168,  |9  1169, 

7  1219,  16  1129,  21  1666, 
14  1897,  17  1623,  22  1694, 


SuRVlT  aaaa 

10 

TEMP  10 

TEMP 

10 

TEMP 

24 

1132,  27 

1183. 

36 

1369 

29 

1136,  34 

1333, 

37 

1244 

26 

1168,  39 

1218, 

39 

1137 

LIFT  SIOE 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  OELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


•••  AIR  INLET  TUNE  CONDITIONS  ••• 


43,14  PSIA 
43,99  PSIA 
,S6  *MG 
6SS.  016  F 
161,86  FT/8EC 


TOTAL  PRE8SURE 
STATIC  PRESSUPE 
VELOCITY  delta  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRES8UREI  ((LEFT  P-tDTAL)-(RI6MT  P-T0TALJ1 


RIGHT  SIDE 
43,64  PIIA 
43,47  PSIA 
,74  »M6 

669.  OEG  F 
166,16  FT/SCC 
,667  •MG 


Alt  FiO«  OAT  A I  P-tEFi  184,6  P||4  0<lTA  Pa  1,96  *mG  T-REFa  1*6,  DEG  F 


fuel  system  oatai 

fuel  p/n  frcouEncy  ist,  mi  volumetric  flop  rate  s,3«  gal/mr 

fuel  pressure  at  f/m  aes.i  psia  fuel  temp  at  f/m  8s,  our 

••  MISCELLANEOUS  TRANSDUCER  READINGS  aa 
"ANIFOLU  AVERAGE  BURNER  OUTLET  TOTAL  PRCSIURC  46.76  PSIA 
COM6USTOR  OUTER  CASE  STATIC  PRESSURE  4t,»7  PSIA  (IpUCtR  •  11) 

burner  differential  total  pressure  6.4«  *m«  (ioucer  •  isi 


a  CHEMICAL  ANALTSIS  RESULTS  a 
GAS  SAMPLES  TAKEN  |N  PLANE  •! 
C02  1,979  X  01  16,798  X  CO 

NO  16.6  PPM  NOt  6,6  PPM  NOI 

NO  ,6  PPM  riOt  ,6  PPM  NQX 

EMISSIONS  INOCI,  LB/1866  LB  FUlLI  COa 
CmCmIlUMInEBCENCE  NO* • 


184,8  PPN  CNX  1,8  FPN 
49,8  PPN  INO(NOti)  ♦  NOt(NOUV)) 
,8  PPN  (  CHtHfLUHtNCSeCNCE  ) 
ft, 71  CNX a  ,98 

,88,  NOI*  «  N0UV  NOI*  9,19 


CALCULATED  FuEL/AI*  RATIO  from  CNfMlCAL  ANALTSIS t  ,687*39 

CALCULATED  COMBUSTION  EFFIC1CNCT  FROM  CHtMtCAL  ArULTStSl  86,64(7  « 
CMECK  ON  F/4  RATIO-  F/a  a  ,887611  M/0  Of,  CALCULATED  02  a  18,764  « 

smoke  Index i  Oft) 

SALTIMAN  NCx  a  2.&.0  PPM 


Figure  Mi9.  Final  Modified  Conventional  l*iner,  ModificNtion  "B” 
at  Regenerative  10%  Power  -  28%  Cloned  I)/.. 
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T63  COMBUSTOR  EXPERIMENTS  •  RIG  8/U  70,  TEST  SERIES  87,  READING  «  963 
T63  MODIFIED  CONVENTIONAL  LINER,  MOD  «B"  RUN  REGEN  T63  INLET  CONDITIONS, 
TEST  OATEI  8-17-72  READING  MAS  TAKEN  AT  1584(38  HOURS 


CYCLE  point  l 


VARIABLE  GEOMETRY  50  %  CLOSED 


10  X  POMER  SETTING 


EXPERIMENTAL  CONDITIONS  ***** 


burner  air  flow 

1,785 

LB/SEC 

AVG  BURNER 

INLET  TEHP 

667, 

DEG 

F 

AVG  BURNER  INLET  PRES 

43,6 

PSIA 

AVG  BURNER 

OUTLET  TEMP 

1162, 

DEG 

F 

AVG  BURNER  DELTA  P 

9,07 

"HG 

PRESSURE  LOSS 

10,22 

X 

overall  f/a  ratio  , 

00802 

(F/M) 

FUEL  FLOM 

RATE 

51.55 

lb/hr 

AIR  LOAO  FACTOR  1 

,3753 

PATTERN  FACTOR 

,16246 

80T  HOT  SPOT  I  M  27  ■ 

1242. 

DEG  F 

MAX  BOT  / 

AVG  BOT 

1,0691 

fuel  inlet  temperature 

103, 

DEG  F 

FUEL  INLET 

PRESSURE 

52,7 

PSIA 

HEAT  LOADING  PARAMETER 

•25644E+07 

BTU/ HOUR /ATM /CUBIC  FOOT 

****  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 

ID  TEMP  10  TEMP  ID  TEMP  ID  TEMP  ID  TEHP  ID  TEMP  ID  TEMP 
ANNULUS  1  2  1185,  6  1240,  15  1143.  19  1149.  24  1208,  27  1242,  36  (241, 
ANNULUS  2  4  1228,  7  1240,  16  1116,  21  1105.  25  1195.  34  1233.  37  1179, 
ANNULUS  3  5  1164,  14  1017,  17  1027,  22  1101,  26  1159,  35  1122.  39  1117, 


LEFT  SIDE 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


***  AIR  INLET  TUBE  CONDITIONS  *** 


43,56  PSJA 
43,25  PSIA 
,62  "HG 
668,  DEG  F 
165,58  FT/SIC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


RIGHT  SIDE 
43,60  PSIA 
43,28  PSIA 
.64  "HG 

667,  DEG  F 
167,50  FT/SEC 
-.081  "HG 


DIFFERENTIAL  PRESSUREl  ((LEFT  P-TOTAL) • (RIGHT  P-T0TALJ1 
AIR  FLOW  DATA(  P-REF*  104,7  PSIA  DELTA  P*  1,50  "HG  T-REP*  1P5.  DEG  F 


FUEL  SYSTEM  DAT A t 

FUEL  P/M  FREQUENCY  192,  HI  VOLUMETRIC  FLOM  RATE  0,36  GAL/HR 
FUEL  PRESSURE  AT  F/M  267,7  PSIA  FUEL  TEMP  AT  P/M  100,  DES  F 

**  MISCELLANEOUS  TRANSDUCER  REAOINGS  «• 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  39,12  P&IA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  41,20  PSIA  (XDUCER  ft  11} 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  9,03  "HG  (XDUCER  ft  16} 


*  CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SAMPLES  TAKEN  IN  PLANE  ft} 


C02 

1.616  X 

02 

18,500  X 

CO 

205,1 

PPM 

CHX  1,3  PPM 

NO 

10,6  PPM 

N02 

e,<&  ppm 

NOX 

16,6 

PPM 

(NO (NDIR}  ♦  N02 (NOUV) ] 

NO 

,0  PPM 

N02 

,0  t’PM 

NOS 

.0 

PPM 

l  CHEMILUMINESCENCE  1 

EMISSIONS  INDEX,  L9/1000  LB  FUEL  I  CO*  24,92  CHX*  ,25 

CHEMILUMINESCENCE  NOX*  ,00,  NDIR  *  NOUV  NOX*  3,31 


CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS  I  ,007936 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  99,3619  X 
CHECK  ON  P/A  RATIO-  F/A  •  ,007849  M/0  02,  CALCULATED  02  «  18,733  X 

SMOKE  INDEX!  0.00 

SALT2MAN  NOX  •  £3,7  PPM 


Figure  420.  Final  Modified  Conventional  Liner,  Modification  "ri" 
at  Regenerative  10%  Power  -  50%  Closed  DZU 
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T63  COMBUSTOR  EXPERIMENTS  •  RX6  B/U  70*  TEST  SERIES  87,  READING  *  084 
T63  MOQIFIEO  CONVENTIONAL  LINER,  MOO  "B"  RUN  REGEN  TCJ  INLET  CONDITIONS, 
TEST  OATEI  8*17*72  READING  MAS  TAKEN  AT  1932(33  HOURS 

CYCLE  POINT  6  VARIABLE  GEOMETRY  28  X  CLOSED  29  X  PONER  SETTING 


*****  EXPERIMENTAL  CONDITIONS  ***** 


BURNER  AIR  FLOW  2,831 

LB/SEC 

AVG  BURNER  INLET  TEMP 

701, 

OEG  F 

AVG  BURNER  INLET  PRES  90,4 

PSIA 

AVG  BURNER  OUTLET  TEMP 

1237, 

OEG  F 

.1 

4VG  BURNER  DELTA  P  7,40 

"HG 

PRESSURE  LOSS 

7,29 

X 

-  * 

OVERALL  F/A  RATIO  .00176 

(F/M) 

fuel  flom  rate 

63,37 

LB/HR 

AIR  LOAD  FACTOR  1,3717 

PATTERN  FACTOR 

,36296 

SOT  HOT  SPOT!  «  34  •  1432, 

OEG  F 

MAX  80T  /  AVG  BOT 

1,1972 

1 

FUEL  INLET  TEMPERATURE  104, 

OEG  F 

FUEL  INLEl  PRESSURE 

69,4 

PSIA 

MEAT  LOAOINS  PARAMETER  ,27323E*07  BTU/MOUR/ ATM/CUBIC  FOOT 


•***  BURNER  OUTLET  TEMPERATURE  SURVEY  »•** 


XO 

TEMP 

10 

TEMP  Ip 

TEhP 

10 

TEMP 

10 

TEMP 

10 

TEMP 

ID 

TEMP 

ANNULUS 

1 

2 

1243, 

6 

1293.  15 

1282, 

19 

1101, 

24 

1210. 

27 

1279, 

36 

1389 

ANNULUS 

2 

4 

1263, 

7 

1293,  16 

1203, 

21 

1 13>  , 

23 

1213, 

34 

1432, 

37 

1314 

ANNULUS 

3 

3 

1229, 

14 

1137,  17 

IBS** 

2? 

1123, 

26 

1192, 

33 

1318, 

39 

1191 

***  AIR  INLET  TUBE  CONDITIONS  *** 


LEFT  SIOE 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  0EL7A  P 
AIR  TEMPERATURE 
AIR  VELOCITY 

DIFFERENTIAL  PRESSURE!  {(LEFT  P*TOTAL)*(RIGHT  P-TOTAU) 


90,43  PSXA 
90,04  PSIA 
,79  "MG 
701,  OEG  F 
176,20  FT/SEC 


TOTAL  pressure 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


RIGHT  SIDE 
90,44  »$IA 
90.06  PSIA 
,79  "MG 

700.  OEG  F 
179,13  FT/SEC 
*,030  "HG 


AIR  FLON  OATAI  P*RCF"  104,2  PSIA  DELTA  P*  1,97  "MG  T.REF*  106,  DEG  F 
FUEL  SYSTEM  DATA! 

FUEL  F/M  FREQUENCY  237,  HI  VOLUMETRIC  FLON  RATE  10,32  GAL/HR 

FUEL  PRESSURE  AT  F/M  298,6  PSXA  FUEL  TEMP  AT  F/M  102,  OEG  F 

**  MISCELLANEOUS  TRANSDUCER  READINGS  ** 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL,  PRESSURE  46,76  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  48,38  PSIA  (XDUCER  »  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  7,48  "MG  (XOUCEF  0  13) 


CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SAMPLES  TAKEN  IN  PLANE  01 


C02 

1.649  X 

02 

18,309  X 

CO 

73*0 

PPM 

CHX  1,2  PPM 

NO 

23,3  PPM 

N02 

7,2  PPM 

NOX 

32,0 

PPM 

{NO (NOIR)  *  N02 (NQUV) ) 

V 

NO 

,0  PPM 

N02 

,8  PPM 

NOX 

.0 

PPM 

t  chemiluminescence  ) 

$ 

EMISSIONS  INDEX*  LB/1B00  L*  PUELT  CO»  6,49  CHX*  ,22 

CHEMILUMINESCENCE  NOX«  .00,  NOIR  *  NDUV  NOX*  6,00 

CALCULATED  PUEL/AXR  RATIO  FROM  CHEMICAL  ANALYSIS!  .006021 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  00,7387  X 
CHECK  ON  F/A  RATIO*  F/A  •  ,887946  N/O  02,  CALCULATED  02  *  18,897  X 

SMOKE  INOEXI  0-0! 

saltiman  nox  •  3f,S  ppm 


Figure  421.  Final  Modified  Conventional  Liner,  Modification  "B" 
at  Regenerative  25%  Power  -  28%  Closed  DZ, 
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T63  combustor  experiments  •  rig  e/u  rt,  test  series  s 7,  reading  r  »ss 

T63  MODIFIED  CONVENTIONAL  LINER,  MOO  "B"  RUN  RE6EN  T63  INLET  CONDITIONS, 
TEST  OATet  8*17*72  READING  MAS  TAXfN  AT  1554141  HOURS 

CYCLE  POINT  6  VARIABLE  GEOMETRY  8  X  CLOSED  25  X  POWER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  FL^W  2,822  LB/SEC  AVG  BURNER  INLET  TEMP  788.  DEG  F 

AVG  BURNER  INLET  PRES  58,7  PSIA  AVG  BURNER  OUTLET  TEMP  1251,  DEG  F 

AVG  BURNER  DELTA  P  5,38  "KG  PRESSURE  LOSS  5,71  X 

OVERALL  F/A  RATIO  ,89876  (P/M)  FUEL  FLOW  RATE  63,88  LB/HR 

AIR  LOAO  FACTOR  1,3595  PATTERN  FACTOR  .27336 

BOT  MOT  SPOT  I  R  36  *  1482,  DES  F  MAX  BOT  /  AVG  BQT  1,1284 

fuel  inlet  temperature  its,  deg  f  fuel  inlet  pressure  70,7  psia 

MEAT  LOADING  PARAMETER  ,2738lE*67  BTU/HOUR/ATH/CUBIC  FOOT 

****  BURNER  OUTLET  TEMPERATURE  SURVEY  *»•* 

ID  TEMP  10  TEMP  10  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  1  2  1265,  8  1349,  15  1195,  }.S  1165,  24  1236,  27  1299,  36  1402, 

ANNULUS  2  4  1273,  7  1342,  16  1186,  2$  1152,  25  1259.  34  1373.  37  1364, 

ANNULUS  -i  5  1256,  14  1127,  J7  1091.  22  1143,  26  1247,  35  1297,  39  1249, 

LEFT  SnE  *••  AIR  INLET  TUBE  CONDITIONS  **•  RIGHT  SIDE 

total  pressure  sb.m  psia  total  pressure  30,66  psia 

STATIC  PRESSURE  38,23  PSIA  STATIC  PRESSURE  30,24  PSIA 

VELOCITY  DELTA  P  ,81  "HG  VELOCITY  DELTA  P  ,86  "MG 

AIR  TEMPERATURE  700,  DEG  F  AIR  TEMPERATURE  780,  DEG  F 

AIR  VELOCITY  178.07  FT/SEC  AIR  VELOCITY  182,78  FT/SEC 

DIFFERENTIAL  PRESSURE!  KLCfT  P*TOTAL)*{RIGHT  P-TOTALJJ  *,819  "MG 

AIK  FLOW  DATA!  P-REF*  104,1  PSIA  DELTA  P*  1,95  "HG  T*REF»  106,  DEG  F 

FUEL  SYSTEM  DATA! 

FUEL  F/M  FREOUENCY  238,  HZ  VOLUMETRIC  FLOW  RATE  10,36  GAL/HR 

FUEL  PRESSURE  AT  F/M  329,1  PSIA  FUEL  TEMP  AT  F/M  103,  DEG  F 

*•  MISCELLANEOUS  TRANSDUCER  READINGS  ** 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  47,76  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  46,72  PSIA  (XDUCER  *  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  5,88  "HG  (XDUCER  8  13) 


•  CHEMICAL  ANALYSIS  RESULTS  • 
GAS  SAMPLES  TAKEN  IN  PLANE  *1 


602 

1,721  X 

02 

18.300  X 

CO 

67,3 

PPM 

CHX  1.0  PPM 

HQ 

28,1  PPM 

N02 

3,1  PPM 

NOX 

36,2 

PPM 

(NO(NOIR)  *  N02CNDUV)) 

NO 

,0  PPM 

N02 

.8  PPM 

NOX 

*8 

PPM 

(  CHEMILUMINESCENCE  ) 

EMISSIONS  INDEX,  LB/1060  LB  FUEL  I  C0»  7,49  CHX»  ,16 

CHEMILUMINESCENCE  NOXw  ,08,  NOXR  *  NDUV  NOX*  0,62 

CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,888321 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  99,7738  X 
CHECK  ON  F/A  RATIO*  F/A  •  ,808283  W/0  02,  CALCULATED  02  •  16,590  X 

SMOKE  INDEX!  3.27 

saltzhan  nox  •  39.3  ppm 


Figure  422.  Final  Modified  Conventional  Liner,  Modification  "BM, 
at  Regenerative  25%  Power  -  0%  Closed  DZ. 
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T63  COMBUSTOR  EXPERIMENTS  •  RIG  8/U  70,  TEST  SERIES  87,  READING  # 

TESTMDATE|E0«C17VT9TIQNAL  UNE*'  H0°  "BS  RUN  RE5E*  TflS  INtET  CONDITIONS. 
TEST  DATE!  8-17*72  READING  NAS  TAKEN  AT  161&I42  HOURS 


CYCLE  POINT  S 


VARIABLE  GEOMETRY  9  X  CLOSED 


48  X  POHER  SETTING 


BURNER  AIN  FLOW 
AYG  BURNER  INLET  PRES 
AVG  BURNER  DELTA  P 
OVERALL  F/A  RATIO 
AIR  LOAD  FACTOR 
BOT  HOT  SPOT  1  .4  36  • 

FUEL  INLET  TEMPERATURE  187^ 


*****  EXPERIMENTAL  CONDITIONS  ***** 

AVG  BURNER  INLET  TEMP 
AVG  BURNER  CUTLET  TEMP 
PRESSURE  LOSS 
FUEL  FLO*  RATE 
PATTERN  FACTOR 
MAX  BOT  /  AVG  BOT 
FUEL  INLET  PRESSURE 


2,408 

LB/SEC 

60,1 

PSIA 

7.82 

»HS 

,09951 

CF/M) 

1.3742 

1/492, 

DEG  F 

E  187, 

DEG  F 

HEAT  LOADING  PARAMETER  ,29?40E*07  BTU/HOUR/ATM/CUBIC  FOOT 


716,  DEG  F 
1310.  DEG  F 
5.74  x 
82,44  LB/HR 
.28642 
1,1308 

07.8  PSXA 


****  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 
ID  TEMP  JO  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID 
ANNULUS  1  2  1340,  6  1406,  15  1256,  19  1213,  24  1290,  27 

ANNULUS  2  4  1344,  7  1412.  |6  1246,  21  1206,  25  1318,  34 

ANNULUS  3  5  1330,  14  1190,  17  1138,  22  U93,  26  1310,  35 

LEFT  SIDE 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


•**  AIR  INLET  TUBE  CONDITIONS  *** 


60,06  PSXA 
59,61  PSXA 
.91  "HG 
71 7.  DEG  F 
173,85  FT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
velocity  delta  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRESSUREl  KLEFT  P*TOTAU-(RIGHT  P-TOTAL)) 
AIR  FLON  DATA*  P-RIF*  103,4  PSIA  DELTA  P*  2,79  "HG 


TEMP  ID  TEMP 
1356,  36  1492, 
1455,  37  1461, 
1413,  39  1332. 

RIGHT  SIDE 
60,12  PSIA 
59.64  PSIA 
,99  "HG 

716,  DEG  F 
I81f66  FT/SEC 
-.134  "HG 


T*REF«  106,  DEG  F 


FUEL  SYSTEM  DATA! 

FUEL  F/M  FREQUENCY  307,  HZ 

FUEL  PRESSURE  AT  F/M  332,1  PSIA 


VOLUMETRIC  FLOW  RATE  13,40  GAL/HR 
FUEL  TEMP  AT  F/M  103.  DEC  F 


„  **  MISCELLANEOUS  TRANSDUCER  READINGS  ** 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  56,64  PSIA 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  6,95  "HG  (XDUCER  R  13) 


C02 

1,817 

X 

02 

GAS  SAMPLES  TAKEN 
18,400  X  CO 

NO 

32,3 

PPM 

N02 

8*1  PPM  NOX 

NO 

•  0 

PPM 

N02 

,0  PPM  NOX 

EMISSIONS 

INDEX 

i  LB/1000  LB  *UCL<  CC* 

65,2  PPM  CNX  1,0  PPM 
40,4  PPM  (NO(NDIR)  ♦  N02(NDUV)J 
.0  PPM  [  CHEMILUMINESCENCE  ) 
CNX*  ,16 

cntn i LUMINESCENCE  NOX*  .00,  NDIR  ♦  NDUV  NOX*  0*81 

CALCULATED  PUEL/AIR  RATIO  PROM  CHEMICAL  ANALYSIS!  .008764 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  99,7076  X 
CHECK  ON  P/A  RATIO-  P/A  •  ,008736  M/C  02,  CALCULATED  02  ■  10,404  X 

SMOKE  INDEX  I  7<73 

SALTZMAN  NOX  ■  4f4,0  PPM 


Figure  423.  Final  Modified  Conventional  Liner,  Modification  "B" 
at  Regenerative  40%  Power  -  0%  Closed  DZ. 
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T63  COMbUSTOR  EXPERIMENTS  •  RIG  B/U  70,  TEST  SERIES  B 7,  READING  N  067 
T63  MODIFIED  CONVENTIONAL  LINER,  MOD  "8"  RUN  REGEN  T63  INLET  CONDITIONS, 
TEST  DATE!  8-17-72  READING  HAS  TAKEN  AT  1631159  HOURS 

CYCLE  POINT  5  VARIABLE  GEOMETRY  26  X  CLOSED  40  X  POWER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  FLOW  2,429  LB/SEC  AVG  BURNER  INLET  TEMP  715.  DEG  F 

AVG  BURNER  INLET  PRES  60,1  PSIA  AVG  BURNER  OUTLET  TEMP  1299,  DEG  F 

AVG  BURNER  DELTA  P  8,99  "HG  PRESSURE  LOSS  7,31  X 

OVERALL  F/A  RATIO  ,00938  (F/M)  FUEL  FLOW  RATE  81, 07  LB/HR 

AIR  LOAD  FACTOR  1.3823  PATTERN  FACTOR  ,36036 

SOT  HOT  SPOTS  •  34  •  1508,  DEG  F  MAX  BOT  /  AVG  BOT  1,1619 

FUEL  INLET  TEMPERATURE  107,  DEG  F  FUEL  INLET  PRESSURE  95,9  PSIA 

HEAT  LOADING  PARAMETER  ,295U£*07  BTU/HOUR/ ATM/CUBIC  FOOT 

****  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 

ID  TEMP  XO  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  1  2  1318,  6  1365,  19  1289.  19  1218,  24  1263,  27  1331,  36  1470, 

ANNULUS  2  4  1336,  7  1371,  16  1243,  21  1179,  25  1274,  34  1909,  37  1396, 

ANNULUS  3  5  1302,  14  1180,  17  1129,  22  1166,  26  1297,  39  1420.  39  1258, 


LEFT  SIDE  AIR  INLET  TUBE  CONDITIONS  ***  RIGHT  SIDE 
TOTAL  PRESSURE  60,16  PSIA  TOTAL  PRESSURE  60,12  PSIA 
STATIC  PRESSURE  59,70  PSIA  STATIC  PRESSURE  99,63  PSIA 
VELOCITY  DELTA  P  ,93  "HG  VELOCITY  DELTA  P  1,00  "HG 
AIR  TEMPERATURE  716,  DEG  F  AIR  TEMPERATURE  715,  DEG  F 


AIR  VELOCITY  179,40  FT/SEC  AIR  VELOCITY  182,29  FT/SEC 

DIFFERENTIAL  PRESSURES  ((LEFT  P-TQTAU- (RIGHT  P-TOTALJ1  .080  "HG 

AIR  FLOW  DATAI  P-REF*  103.3  PSIA  DELTA  P*  2,83  "HG  T-REF*  106,  DEG  F 


FUEL  SYSTEM  DATAI 

FUEL  ft M  FREQUENCY  305,  HZ 

FUEL  PRESSURE  AT  F/M  330,2  PSIA 


VOLUMETRIC  FLOW  RATE  13,31  GAL/HR 
FUEL  TEMP  AT  P/M  104,  DEG  F 


**  MISCELLANEOUS  TRANSDUCER  READINGS  ** 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  55,79  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  57,64  PSIA  (XDUCER  «  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  8,99  "HG  (XDUCER  4  13) 


iA<*V  *  CHEMICAL  ANALYSIS  RESULTS  * 
moc*\CAS  SAMPLES  TAKEN  IN  PLANE  #1 
C02  1,673  X  02  T00TX  CO  62,0  PPM 

NO  28,1  PPM  N02  6,8  PPM  NOX  35,0  PPM 

NO  ,0  PPM  N02  ,0  PPM  NOX  ,0  PPM 

EMISSIONS  XNOEX,  LB/1000  LB  FUEL!  CO*  6.45 

CHEMILUMINESCENCE  NOX*  ,06,  N 


52,0  PPM  CHX  1,3  PPM 
39,0  PPM  (NO(NDSR)  *  N02(NDUV)) 
,0  PPM  (  CHEMILUMINESCENCE  ) 
6.45  CMX«  ,21 

,00,  NOIR  *  NOUV  NOX*  8,91 


CALCULATED  FUEL/AIR  RATIO  PROM  CHEMICAL  ANALYSIS!  >111148 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  99,7767  X 
CHICK  ON  F/A  RATIO-  F/A  •  ,008053  W/Q  02,  CALCULATED  02  •  10,665  X 

SMOKE  INDEX!  A3 O 

saltzman  nox  •  33,3  ppm 

REMARKS!  lAtfUf  StMCd  ' 


Figure  424.  Final  Modified  Conventional  Liner,  Modification  "B" 
at  Regenerative  40%  Power  -  28%  Closed  DZ. 
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T63  COMBUSTOR  EXPERIMENTS  -  RIG  8/U  70,  TEST  SERIES  87,  READING  *  068 

T63  MODIFIED  CONVENTIONAL  LINER,  MOO  "R"  RUN  KEGEN  T63  INLET  CONDITIONS, 
TEST  OATEI  8-17-72  READING  WAS  TAKEN  AT  1647(18  HOURS 

CYCLE  POINT  5  VARIABLE  GEOMETRY  5*  X  CLOSED  40  X  POWER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  FLOW  2,428  LB/SEC  AVG  BURNER  INLET  TEMP  714,  DEG  F 

AVG  BURNER  INLET  PRES  60,1  PSIA  AVG  BURNER  OUTLET  TEMP  1306.  DEG  F 

AVG  BURNER  DELTA  P  12.46  "HG  PRESSURE  LOSS  10,18  X 

OVERALL  F/A  RATIO  ,00946  (F/M)  FUEL  FLOW  RATE  82,66  LB/HR 

AIR  LOAD  FACTOR  1,3835  PATTERN  FACTOR  ,16600 

BOT  HOT  SPOT  I  n  36  •  1405.  DEG  f  MAX  BOT  /  AVG  BOT  1.0752 

FUEL  INLET  TEMPERATURE  109,  DEG  F  FUEL  INLET  PRESSURE  94,3  PSIA 

HEAT  LOADING  PARAMETER  ,29794E*87  BTU/HOUR/ATM/CUBIC  FOOT 

****  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 

10  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  1  2  1362,  6  1402,  15  1277,  19  1283,  24  1334,  27  1363,  36  1405, 

ANNULUS  2  4  1389,  7  1398,  16  1248,  21  1230,  25  1334,  34  1390.  37  1328, 

ANNULUS  3  5  1330,  14  1140,  17  1 1  Si .  22  1220,  26  1304,  35  1286,  39  1243, 

LEFT  SIDE  ***  AIR  INLET  TUBE  CONDITIONS  ***  RIGHT  SIDE 

TOTAL  PRESSURE  60,14  PSIA  TOTAL  PRESSURE  60,14  PSIA 

STATIC  PRESSURE  59,67  PSIA  STATIC  PRESSURE  59,61  P3IA 

VELOCITY  DELTA  P  ,93  "HG  VELOCITY  DELTA  P  1,07  "HG 

AIR  TEMPERATURE  715.  DEG  F  AIR  TEMPERATURE  714,  DEG  F 

AIR  VELOCITY  177,33  FT/SEC  AIR  VELOCITY  188.38  FT/SEC 

DIFFERENTIAL  PRESSUREI  ((LEFT  P-TOTAL)»(RIGNT  P-TOTAUJ  ,006  "HG 

AIR  FLOW  OAT  A I  P-REF*  103.4  PSIA  DELTA  P*  2,83  "HG  T-REF*  104,  DEG  F 

FUEL  SYSTEM  DATA! 

FUEL  F/M  FREQUENCY  308,  HZ  VOLUMETRIC  FLOW  RATE  13.44  GAL/HR 

FUEL  PRESSURE  AT  F/M  333,0  PSIA  FUEL  TEMP  AT  F/M  105,  DEG  F 

**  MISCELLANEOUS  TRANSDUCER  READINGS  *• 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  54,02  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  57,61  PSIA  (XOUCER  «  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  12.46  "HG  (XOUCER  «  13) 

*  CHEMICAL  ANALYSIS  RESULTS  * 

GAS  SAMPLES  TAKEN  IN  PLANE  *1 


C02 

1.641  X 

02 

16,100  X 

CO 

119,9 

PPM 

CHX  ,2  PPM 

NO 

28,3  PPH 

N02 

6,1  PPM 

NOX 

33,4 

PPM 

(NO (NDIR)  *  N02 (NOUV) ) 

NO 

.0  PPM 

Noa 

,0  PPM 

NOX 

.0 

PPM 

(  CHEMILUMINESCENCE  ) 

EMISSIONS  INDEX,  LB/1000  LB  FUEL  1  CO*  12, 38  CHX*  ,03 

CHEMILUMINESCENCE  NOX*  .60,  NDIR  *  NOUV  NOX*  3,66 

CALCULATED  FUEL/AIR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,069015 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANAIYSISI  90,6740  X 
CHECK  ON  F/A  RATIO-  F/A  •  ,006676  W/Q  02,  CALCULATED  02  ■  10,426  X 

SHORE  X HOC X  •  C  OO 

SALTZHAN  NOX  *32.(0  FFR 


Figure  425.  rinal  Modified  Conventional  Liner,  Modification  "B" 
at  Regenerative  40%  Power  -  50%  Closed  DZ. 
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T63  COMBUSTOR  EXPERIMENTS  •  RI6  8/0  70,  TEST  SERIES  87,  READING  # 

T63  MOOIPIEO  CONVENTIONAL  LINER,  MOD  *B"  RUN  REGEN  T63  INLET  CONDITIONS, 
TEST  OATEI  8-17-72  READING  NAS  TAKEN  AT  172U22  HOURS 


CTCLE  POINT  4  VARIABLE  GEOMETRY  50  X  CLOSED 


55  X  POWER  SETTING 


*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  PLOW  2,638  LB/SEC  AVG  BURNER  INLET  TEMP  764, 

AVG  BURNER  INLET  PRES  65,6  PSIA  AVG  BURNER  OUTLET  TEMP  1410, 


AVG  BURNER  DELTA  P  14,04  "MG  PRESSURE  LOSS  10,51 
OVERALL  P/A  RATIO  ,01057  (F/M)  FUEL  FLOW  RATE  100,29 
AIR  LOAD  FACTOR  1,4063  PATTERN  FACTOR  ,17045 
BOT  HOT  SPOT  I  *  6  »  1520,  DEG  F  MAX  BOT  /  AVG  BOT  1,0781 


FUEL  INLET  TEMPERATURE  108,  DEG  F  FUEL  INLET  PRESSURE  122,1 
HEAT  LOADING  PARAMETER  ,33I59E*07  BTU/HOUR/ ATM/CUBIC  FOOT 


DEG  F 
DEG  F 
X 

lb/hr 


PSIA 


****  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 

ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  10  TEM» 
ANNULUS  1  2  1 484,  6  1520,  15  1381,  19  1382,  24  1443,  27  1482,  36  1»1 I , 
ANNULUS  2  4  1514,  7  1520,  16  1349,  21  1338,  25  1435,  34  1494,  37  1408, 
ANNULUS  3  5  1439,  14  124},  17  1238,  22  1329,  26  1405,  35  1385,  39  1-317, 


LEFT  SIDE 
TOTAL.  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


*•«  AIR  INLET  TUBE  CONDITIONS  •*• 


65,56 

65,01 

1.12 

764, 


PSIA 
PSIA 
"MG 
DEG  F 


188,18  FT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRESSUREl  ( (LEFT  P-TOTALJ-CRIGHT  P-TOTAL)) 


RIGHT  SIOE 
65,57  PSIA 
65.08  PSIA 
1.00  "MG 

764,  DEC  F 
176.03  FT/SEC 
-.023  "HG 


AIR  FLOW  DATA!  F-REF*  103,1  PSIA  DIlTA  P*  3,32  "HG  T-REF*  99.  OK  f 


FUEL  SYSTEM  OATAI  .  ,  „ 
FUEL  F/M  FREQUENCY  373,  MZ  VOLUMETRIC  FLOW  RATE  16.31  GAL/MR 
FUEL  PRESSURE  AT  F/M  323,7  PSIA  FUEL  TEMP  AT  F/M  l«5.  OCG  F 


••  MISCELLANEOUS  TRANSDUCER  READINGS  •* 
HANIFULO  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  81,67  PSIA 
COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  62,10  PSIA 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  14,02  "MG 


(XOUCER  0  11) 
(XOUCER  0  IS) 


•  CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SAMPLES  TAKEN  IN  PLANE  *1 

94,8  PPM 


COS 

1.961  X 

02 

17,810  X 

CO 

NO 

•33,7  PPM 

N02 

7,2  PPM 

NOX 

NO 

,8  PPM 

NOS 

,0  PPM 

NOX 

EMISSIONS  INOEX,  LB/1100  LB  FUELI  CO* 
CHEMILUMINESCENCE  NQX* 


_  CMX  1,1  PPM 

41.2  PPM  tNO(NOIR)  •  N02CNDUV)) 
,1  PPM  (  CHEMILUMINESCENCE  ) 
S,73  CMX*  ,16 

.00*  NDIR  ♦  NOUV  NOX*  6,22 


CALCULATED  PUEL/AIR  RATIO  FROM  CHEMICAL  ANALT8ISI  ,009640 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  99.7326  | 
CHECK  ON  F/A  RATIO*  F/A  *  ,009438  W/0  02,  CALCULATED  02  •  10.20*  X 


SMOKE  INOEX t  0  02 

SALTZHAN  NOX  *  43 ,3  PPM 


Figure  426.  Final  Modified  Conventional  Liner,  Modification  ”B% 
at  Regenerative  55#  Power  -  50#  Closed  DZ. 
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T63  COMBUSTOR  EXPERIMENTS  •  RIG  B/U  76,  TEST  SERIES  0/ ,  READING  •  071 
T83  MODIFIED  CONVENTION*!.  UIN£».  MOD  *B*  RUN  REGEN  T63  INLET  CONDITIONS, 
TEST  OATES  0-17*72  REAPING  "AS  TAKEN  AT  1745113  HOURS 


CYCLE  POINT  4 


VARIABLE  GEOMETRY  28  X  CLOSED 
*****  EXPERIMENTAL  CONDITIONS  ***** 


55  X  POWER  SETTING 


BURNER  AIR  FLOW 

2,631 

LB/SEC 

AVG  BURNER  INLET 

TEMP  764, 

OEG  F 

AVG  BURNER  INLET  PRES 

65.9 

PSIA 

AVG  BURNER  CUTLET 

TEMP  1412, 

OEG  F 

•1 

i 

AVG  BURNER  DELTA  P 

10,00 

"HG 

PRESSURE  LOSS 

7,46 

X 

"i  ; 

overall  f/a  ratio 

B 

01*73 

(F/M) 

FUEL  FLOW  RATE 

101,61 

lb/hr 

AIR  LOAD  FACTOR 

1 

.3974 

PATTERN  FACTOR 

.35382 

BOT  WOT  SPOT!  "  34 

• 

1641, 

DEG  F 

MAX  BQT  /  AVG  iiOT 

'..1623 

FUEL  INLET  TEMPERATURE 

109. 

OEG  f 

FUEL  INLET  PPtSSUHE 

127,7 

PSIA 

HEAT  LOADING  PARAMETER 

,33440E*07  BTU/MQuR/ATM/CUSIf  FOOT 

j 

•  *** 

BURNER  1 

OUTLET  TEMPFRATUNE  SUR #EY  ***• 

V 

10  TEMP 

ID 

TEMP 

10  TEMP 

ID  TEMP  ID  YENP 

ID 

TEMP  ID 

TEMP 

JS 

ANNULUS  1  2  1445, 

6 

1493, 

IS  14*0, 

19  1327,  24  1377, 

27 

1449.  36 

1584. 

\ 

ANNULUS  2  4  1 45H , 

7 

15/4. 

16  1353, 

21  1289,  23  1386, 

34 

1641.  37 

1466, 

i 

ANNULUS  3  5  1430, 

14 

1299, 

17  1222, 

22  1277,  26  1367, 

35 

1516,  39 

1336, 

2 

* 

LEFT  SIDE 

AIR 

INLET  TUBE 

CONDITIONS  *** 

RIGHT  SIDE 

! 

TOTAL  PRESSURE 

65,89 

PSIA 

TOTAL  PRESSURE 

65,85 

PSIA 

STATIC  PRESSURE 

65,31 

PSIA 

STATIC  PRESSURE 

65,33 

PSIA 

i 

1 

VELOCITY  DELTA  P 

1.10 

"HU 

VELOCITY  DELTA  P 

1,05 

"MG 

AIR  TEHPEHATURE 

764. 

OEG  r 

AIR  TEMPERATURE 

764, 

OEG  F 

•» 

AIR  VELOCITY 

192,01 

FT/SEC 

AIR  VELOCITY 

101,67 

FT/SPC 

'y 

DIFFERENTIAL  PRESSUREl 

((LEFT  P-TOTAL)*(RlGMT  P-TCTALJ) 

.075 

"HG 

| 

AIR  FLOW  OATAI  P-R£Fa 

143,4 

PSIA  DELTA  Pa  3,29  8 MG 

T-REFa  9B, 

OEG  F 

! 

■J 

FUEL  SYSTEM  OATAI 

j 

fuel  f/m  freouency 

376, 

M2 

VOLUMETRIC  FLOW  RATE 

16,93 

CAL /HR 

i 

FUEL  PRESSURE  AT  F/M 

329,4 

PSIA 

FUEL  TEMP  AT  F/M 

IBS. 

OEG  F 

A 

sr 

*•  MISCELLANEOUS  transducer  readings  •* 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  60,98  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  63.B1  PSIA  (XOUCER  «  It) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  1B,«4  "MG  (XOUCER  0  13) 


•  CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SAMPLES  TAKEN  IN  PLANE  »i 


C02 

1,065  X 

02 

17,700  X 

CO 

51, B 

PPM 

CMX  ,3  PPM 

NO 

35,2  PPM 

N02 

6,0  PPM 

NOX 

42*6 

PPM 

tNO(NOIP)  ♦  N02(N0UV)1 

NO 

,0  PPM 

N02 

,0  PPM 

NOX 

.0 

PPM 

(  CMEMIU  MINEBCENCI  ) 

EMISSIONS  INDEX,  LS/1BSB  LB  FUEL*  CO"  4,71  CMX*  ,S4 

CHEMILUMINESCENCE  NOX"  .SB,  NOIR  ♦  NOMV  NOX"  6.20 

CALCULATED  FUlL/AlR  RATIO  FROM  CHEMICAL  ANALYSIS!  ,BB9S«4 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  B9.S3SS  X 
CHECK  ON  F/A  RATIO*  F/A  a  ,001939  m/0  09*  CALCULATED  Ok  a  1S,3SS  X 

SMOKE  INDEX!  3ioO 

SALTIMAN  NOX  _ 


PPM 


Figure  427.  Final  Modified  Conventional  Liner,  Modification  "B" 
at  Regenerative  SS%  Power  -  28%  Closed  D2. 
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T63  COMBUSTOR  EXPERIMENTS  •  RIG  B/U  70,  TEST  SERIES  87,  REAOlNG  •  072 
T63  MODIFIED  CONVENTIONAL  LINER,  MOD  "B"  RUN  REGfiN  T83  INLET  CONDITIONS, 
TEST  DATE!  8-17-72  READING  NAS  TAKEN  AT  1819(50  HOURS 


CYCLE  POINT  3  VARIABLE  GEOMETRY  28  %  CLOSED  75  X  PONER  SETTING 


EXPERIMENTAL  CONDITIONS  ***** 


BURNER  AIR  FLON  2,704  LB/SEC 

AVG  BURNER  INLET  PRES  75,6  PSIA 
AVG  BURNER  DELTA  P  14,56  "MG 
OVERALL  F/A  RATIO  .01214  (F/M) 

AIR  LOAO  FACTOR  1,3330 

BOT  ri'i T  5nOT»  R  34  •  1797,  OEu  F 
FUEL  INLEi  TEMPERATURE  1*9,  DEG  F 
MEAT  LOADING  PARAMETER  ,35012E*B7 


AVG  BURNER  INLET  TEMP  841, 
AVG  BURNER  OUTLET  TEMP  15.59, 


PRESSURE  LOSS  6,86 
FUEL  FLON  RATE  122,10 
pattern  factor  .33101 

MAX  BUT  /  AVG  BOT  1,1925 
FUEL  INLET  PRESSURE  167,9 


BTU/HOUR/ATM/CUBIC  FOOT 


DEG  F 
DEG  F 
X 

LG/hr 


PSIA 


•  BURNER  OUTLET  TEMPERATURE  SURVEY  •  **• 
l'j  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  1  2  : 509,  6  1639.  15  1558,  19  1463,  24  1526,  27  1615,  36  1728, 

ANNULUS  2  ^  1607 ,  7  1644,  16  1495,  21  1427,  25  1946,  34  1797,  37  1633, 

ANNULUS  3  5  1573,  14  1445.  17  1358,  22  1410,  26  1526,  35  1690,  39  >4/4, 


LEFT  SIDE 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


**•  AIR  INLET  TUBE  CONDITIONS  ••• 


75,59  PSIA 
75.05  PSIA 
1,09  "MG 
•41.  OEG  F 
170,19  FT/SEC 


TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  veLOCITV 


DIFFERENTIAL  PRESSURE*  ((LEFT  P-TOTAl)-(RlGNT  P-TOTAL)! 


RIGHT  SIOE 
75.61  PSIA 
75,22  PSIA 
.79  *MG 

841,  OEG  F 
151,40  FT/SEC 
•,043  "MG 


AIR  FlOn  DATA!  P-R|F*  103,0  PSIA  DELTA  P*  3.72  "MG  T-REF*  96,  OEG  F 

fuel  system  data* 

Fuel  F/M  FREQUENCY  494,  HZ  VOLUMETRIC  FLON  RATE  10,00  GAL/MR 
FUEL  PRESSURE  AT  F/M  310,2  PSIA  FUEL  TEMP  AT  F/H  107,  OEG  F 

••  MISCELLANEOUS  TRANSDUCER  READINGS  it 

manifold  average  burner  outlet  total  pressure  fs.ai  psia 

COM0USTOR  OUTER  CASE  STATIC  PRESSURE  72,50  PSIA  (XOUCER  a  It) 

SURNER  DIFFERENTIAL  TOTAL  PRESSURE  1R.53  «N6  (XOUCCR  R  13) 

•  CHEMICAL  ANALYSIS  RESULTS  * 

GAS  SAMPLES  TAKEN  IN  PLANE  Nt 

C02  2.SS3  t  02  17,401  t  CO  42,3  PPM  CHX  ,2  PPM 

NO  37,8  PPM  N02  8,4  PPM  *01  S4.3  PPM  (NO(NOIN)  ♦  NOt(NOUV)) 

NO  ,S  PPM  N02  ,S  PPM  NOX  ,S  PPM  (  CHEMILUMINESCENCE  ) 

EMISSIONS  iNOCl,  L0/1MS  LS  FUEL*  CO*  3,41  CHI*  ,03 

CHEMILUMINESCENCE  NOX*  ,S0,  NOI0  ♦  NDUV  NOX*  S.St 

CALCULATED  FUCL/AIR  RATIO  FRON  CHEMICAL  ANALYSIS!  ,810303 

CALCULATED  COM0U0TION  EFFICIENCY  FROM  CHEMICAL  ANALY0I0I  00.00R4  t 
CHECK  ON  F/A  RATIO-  P/A  •  ,000007  N/0  02,  CALCULATED  01  •  10,005  X 

SMOKE  tNOCXI  6*18 

SALT2NAN  NOX  •  A*./  . —  _ ...... 


figure  428.  final  Modified  Conventional  Liner,  Modification  "B" 
at  Regenerative  75%  Power  -  28%  Cloaed  02. 
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T63  COMBUSTOR  EXPERIMENTS  •  RIG  B/U  7 B,  TEST  SCRIES  87,  READING  «  973 
T63  MODIFIED  CONVENTIONAL  LINER,  MOD  'B*  RUN  REGEN  TBS  INLET  CONDITIONS. 
TEST  OATEI  8-17-72  READING  NAS  TAKEN  AT  1B33I1B  HOURS 


CYCLE  POINT  3 


VARIABLE  GEOMETRY  SB  I  CLOSED 


73  X  PONCR  SETTING 


*****  EXPERIMENTAL  CONDITIONS  ••••* 


BURNER  AIR  FLON  2.79!  LB/SEC 

AV6  BURNER  INLET  PRES  73,6  PSIA 
AVG  BURNER  OELTA  P  14,36  "MG 
OVERALL  F/A  RATIO  ,B!21S  (F/M) 

AIR  LOAD  FACTOR  1.3312 

SOT  HOT  SPOT!  »  36  *  1666,  DEG  F 
fuel  inlet  TEMPERATURE  1«9.  OE6  F 
HEAT  LOADING  PARAMETER  ,39616E«97 


AVG  BURNER  INLET  TEMP  839. 
AVG  BURNER  OUTLET  TEMP  1969. 


PRESSURE  LOSS  9.47 
FUEL  FLON  RATE  122.B9 
PATTERN  FACTOR  .19305 
MAX  BOT  /  AVG  GOT  !,B7!2 
FUEL  INLET  PRESSURE  168,9 


BTU/MOUR /ATM /CUBIC  FOOT 


DEG  F 
0E6  F 
X 

LB/HR 


PSIA 


•***  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 


ID 

TEMP 

10 

TEMP 

10 

TEMP 

ID 

TEMP 

ID 

TEMP 

ID 

TEMP 

to 

TEMP 

ANNULUS 

1 

2 

1647. 

6 

1676, 

19 

1931, 

19 

1329, 

24 

1896, 

27 

1646. 

39 

1BBB 

ANNULUS 

2 

4 

1679, 

7 

16S0, 

16 

1496, 

21 

1482, 

29 

1389, 

34 

1662, 

37 

1991 

ANNULUS 

3 

3 

1689, 

14 

1372. 

17 

1373, 

22 

1469, 

26 

*932, 

39 

1993. 

39 

1939 

LEFT  SIDE 


***  AIR  INLET  TUBE  CONDITIONS  *•• 


TOTAL  PRESSURE  79, SB  PSIA 

STATIC  PRESSURE  74.62  PSIA 

VELOCITY  OClTA  P  1,54  "MG 

AIR  TEMPERATURE  639.  0C6  F 

AIR  VELOCITY  212.BG  FT/SEC 

DIFFERENTIAL  PRESSURE!  ((LEFT  P-TOTAL) 


TOTAL  PRESSURE 

static  pressure 

VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 
•(RIGHT  P-TOTAL)) 


RIGHT  SIOE 
73.99  PSIA 
74.94  PSIA 
1.24  "MG 

B39,  DCS  F 
196,34  FT/SEC 
,B49  "MG 


AIR  FLO*  OATA!  P-REF*  191.9  PSIA  OELTA  P*  3.71  'MG  T-REF*  99.  DEG  F 


fuel  system  oatai 

FUEL  F/M  FREQUENCY  494,  M2  VOLUMETRIC  FLOP  RATE  19,96  GAi/HR 

fuel  pressure  at  f/m  sbs.b  psia  fuel  temp  at  f/h  !•?.  ois  f 


**  miscellaneous  transducer  readings  •• 

MANIFOLD  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  GO. 41  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  71,99  PSJA  (XOUCER  •  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  14.99  'MO  (XOUCER  t  IS) 

•  CHEMICAL  ANALYSIS  RESULTS  • 

GAS  SAMPLES  TAKEN  IN  PLANE  •) 

COI  3,393  X  01  17.GB9  X  CO  44,4  PPM  CM!  .9  PPM 

NO  93»G  PPM  NOI  G,S  PPM  nOI  S9.S  PPM  (NO(NOIR)  ♦  NOl(NOUV)) 

NO  ,B  PPM  NOS  ,9  PPM  NOX  ,B  PPM  (  CHEMILUMINESCENCE  ) 

EMISSIONS  INOEX,  Li/tBOB  LG  FUELI  CO*  3,96  CNX*  ,B| 

CHEMILUMINESCENCE  NOX*  ,B9,  NOIR  ♦  NOUV  NOX*  7,99 

CALCULATED  FuEL/ATR  RATIO  FROM  CHEMICAL  ANALYSIS!  .G1149S 

CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS*  99,974B  X 
CHECK  ON  F/A  RATIO*  P/A  •  .011819  N/0  01,  CALCULATED  OS  •  |7,?G9  X 

SMOKE  INDEX  I  0.01 

saltsran  nox  •  ppm 


Figure  42D.  Final  Modified  Conventional  Liner,  Modification  "t" 
•t  Regenerative  7536  Power  -  5096  Closed  DZ. 
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T63  COMBUSTOR  EXPERIMENTS  •  RIG  B/U  7 1,  TUT  SERIES  97,  RCAOING  R  874 
T«3  MODIFIED  CONVENTIONAL  LINER*  NOO  RUN  REGEN  TS3  INLET  CONDITIONS, 
TEST  OATEI  1-17*72  RCAOING  HAS  TAKEN  AT  1S49I30  HOURS 


CYCLC  POINT  3  VARIABLE  GEOMETRY  71  I  CLOSED 

*•*•*  EXPERIMENTAL  CONDITIONS  ***** 


7S  I  POhER  SETTING 


BURNER  AIR  PLON  2,833  LS/SEC 

AV8  BURNER  INLET  PRES  78, 8  PSIA 
AV6  BURNER  OELTA  P  29,81  »HG 
OVERALL  F/A  RATIO  ,81189  (F/N) 

AIR  LOAO  FACTOR  1,38IP 

BOT  MOT  SPOT!  •  8  •  1782,  DEG  F 
FUEL  INLET  TEMPERATURE  118,  DEG  F 


AV6  BURNER  INLET  TEMP  SAB,  DEG  F 
AVB  BURNER  OUTLET  TEMP  1938,  DEG  F 


PRESSURE  LOSS 
FUEL  FLON  RATE 
PATTERN  FACTOR 
MAX  BOT  /  AVG  BOT 
FUEL  INLET  PRESSURE 


NEAT  LOADING  PARAMETER  ,38B8BE«G7  BTU/MOUR/ATM/CUBIC  FOOT 


12,99  X 
122,38  LB/HR 
,38384 
1,1893 
181,8  PSIA 


••••  BURNER  OUTLET  TEMPERATURE  SURVEY  hi* 

20  TEMP  ID  TEMP  10  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  10  TEMP 
ANNULUS  1  2  1809,  G  1782,  19  1SG8,  19  1842,  24  1*87,  27  1849,  38  }838, 
ANNULUS  2  4  1741,  7  1748,  18  1438,  21  1438,  28  1888,  34  1979,  37  1439, 
ANNULUS  3  9  1983,  14  1288,  17  1283,  22  1494,  29  1939,  38  1471,  39  1348, 


LEFT  SIOE 
TOTAL  pressure 
STATIC  PRESSURE 
VELOCITY  OELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


•••  AIR  INLET  TUBE  CONDITIONS  ••• 


79,98 

79,91 

W17 

841, 


PSIA 
PSIA 
•MS 
OES  F 


194,87  FT/SEC 


total  pressure 

STATIC  PRESSURE 
velocity  delta  p 
air  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRESSURE!  ((LEFT  P-TOTAL)- (RIGHT  P-T0TAD1 


RIGHT  SIDE 
79,88  P8IA 
79,13  PSIA 
1,87  »H8 

849,  OEG  F 
179,98  FT/SEC 
•,191  ■MS 


AIR  PLOM  DATA!  P-REF*  183.1  PSIA  OELTA  PR  3,81  •Mt  T-RIF*  94,  0(6  F 


FUEL  SYSTEM  DATA! 

FUEL  F/N  FREQUENCY  498,  Ml 

FUEL  PRESSURE  AT  F/N  3SS.B  PSIA 


VOLUMETRIC  FLOM  RATE  19,82  SAL/MR 
FUEL  TEMP  AT  F/h  IBS,  0(8  F 


••  MISCELLANEOUS  TRANSDUCER  READINGS  *• 

MANIFOLO  AVERAGE  SURNER  OUTLET  TOTAL  PRESSURE  99,79  P|1A 

COMBUSTOR  OUTER  CASE  STATIC  PRtSSURE  71,12  PSIA  (lOUCfR  t  II) 

SURNER  DIFFERENTIAL  TOTAL  PRESSURE  19,93  >M  (XOUCER  •  13) 

•  CHEMICAL  ANALYSIS  RESULTS  • 

sas  samples  taken  tn  plane  «t 


COE  2,187  I  02  17,188  I  CO 

NO  .38,7  PPM  NOO  7,0  PPM  NOl 

NO  ,0  PPN  NOO  ,2  PPM  NOX 

EM  Its  IONS  IMOCI*  Lt/lOH  LS  FUEL!  COt 
CNfiNlLUMlNESCENCE  NQI« 


73,1  PPN  eNX  1,8  PPN 
48,3  PPN  (NO(NOIR)  ♦  NOt(NOUV)) 
•8  PPM  t  CMENtLUNtMlSCtNCE  ) 
S.S8  CMS*  .It 

,88,  MO 18  ♦  MOUV  ROM*  8, tl 


CALCULATED  FufL/AIR  RATIO  FROM  CHEMICAL  AMALTtltl  ,010807 
CALCULATEO  COMBUSTION  EFFICSImCT  FROM  CMfMtCAL  ANALTSIOl  88, 7889  t 
CMECB  ON  F/A  RATIO*  F/A  *  ,010110  M/0  02,  CALCULATED  02  l  19,809  t 

BROKE  InOEx  i  CM 

•ALttNAN  MOX  %  FPM 


fipirt  430.  Final  Modlflad  Conventional  Linar,  Hodlficatlon 
at  Xaganarativa  75#  Pomp  -  7131  Cloaad  DZ. 
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T63  combustor  experiments  •  rig  b/u  7#,  test  series  87,  reading  r  075 

T63  MODIFIED  CONVENTIONAL  LINER,  MOO  »B»  RUM  REGEN  T63  INLET  CONDITIONS. 
TEST  OATEl  6-17*72  REA0IN6  NAS  TAKEN  AT  101BIS7  HOURS 

CYCLE  POINT  2  VARIABLE  GEOMETRY  71  X  CLOSED  IBB  X  PONER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  PLOH  3. IBS  LB/SEC  AvG  BURNER  INLET  TEMP  070,  DEG  F 

AVG  BURNER  INLET  PRES  S4.0  PSIA  AVG  BURNER  OUTLET  TEMP  1?40.  OCG  F 

AVG  BURNER  OELTA  P  22,96  *MG  PRESSURE  LOSS  IS.SB  X 

OVERALL  F/A  RATIO  .BI416  (F/M)  FUEL  FLQM  RATI  103. SB  LB/MR 

AIR  LOAD  FACTOR  1,3308  PATTERN  FACTOR  ,35BfS 

BOT  MOT  SPOT!  »  6  •  2829.  0E6  P  MAX  BOT  /  AV6  BOT  l.IBBB 

FUEL  INLET  TEMPERATURE  1B9,  OEG  P  FUEL  INLET  PRESSURE  216, B  PSIA 

MEAT  LOAOING  PARAMETER  ,39140E*|7  BTU/MOuR/ATM/CUBIC  FOOT 

*•*•  BURNER  OUTLET  TEMPERATURE  SURVEY  *•*» 

10  TEMP  10  TEMP  10  TEMP  ID  TEMP  10  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  1  2  1088,  6  2*29,  IS  1727,  IB  1771,  24  1S2I.  22  1BB3,  SB  1677, 

ANNULUS  2  4  1060,  7  1076,  IS  1030,  21  1BSB.  29  1770.  94  1707.  37  IBBB. 

ANNULUS  3  S  17SB,  14  1497,  17  1477.  22  1999.  26  1799.  35  1692,  30  1941. 

LEFT  SIDE  •**  AIR  INLET  TUBE  CONDITIONS  •*»  RIGHT  SIDE 

TOTAL  PRESSURE  04,09  PSIA  TOTAL  PRESSURE  04,92  PSIA 

STATIC  PRESSURE  64,38  PSIA  STATIC  PRESSURE  04,22  PSIA 

VELOCITY  OElTA  P  1,10  *M6  VELOCITY  DELTA  P  1,42  •MG 

AIR  TEMPERATURE  97l.  OEG  F  AIR  TEMPERATURE  060,  OEG f 

AIR  VELOCITY  177,61  FT/SEC  AIR  VELOCITY  201,43  FT/BEC 

DIFFERENTIAL  PRESSURE!  ((LEFT  P-T0TAL)*(R1GMT  P*T0TAL)1  *,192  •Mi 

AIR  FLO*  DATA!  F.REF*  102,7  PSIA  OELtA  P*  4,30  »MG  T*REf ■  S3,  OEG  F 

fuel  system  oatai 

fuel  f/r  freouency  97i,  mi  volumetric  flop  rate  24,01  bal/mr 

fuel  pressure  at  f/m  203,1  psia  fuel  temp  at  f/m  ibb,  ocb  f 

•«  MJSCILLAMEOUS  TRANSDUCER  RCAOtNBS  •• 

M4N1F0L0  AVERAGE  BURNt*  OUTLET  TOTAL  PRESSURE  73,BB  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  FRCSSURE  70,03  PSIA  (X0UC2R  I  It) 

BURNER  OIFFERENTIAL  TOTAL  PRESSURE  It, SO  "MB  tlOUCER  R  IB) 

•  CHEMICAL  ANALYSIS  BEBULTB  4 

bas  samrlEb  taken  in  plane  ri 

cot  t,«9t  X  02  1S,4S0  X  CO  24,1  PPM  CN1  ,2  PPM 

NO  74,1  PPM  N02  4,0  PPM  NOX  71,1  PPM  (ROCNOtR)  *  M02|N0UV)I 

NO  ,t  RPM  NOE  ,0  PPM  HOI  ,0  PPM  C  CHEMILUMINESCENCE  1 

EMISSIONS  INOEX,  Li/ tiff  L»  FUtLI  CO*  1,07  CHI*  ,«| 

CHEMILUMINESCENCE  NOX*  .10,  NOtR  *  N0UV  NO I*  0,RB 

CALCULATED  FuEl/AIR  RATIO  FROM  CHEMICAL  ANALVlttl  ,011223 

CALCULATED  CONOUSTfON  EFFICIENCY  FROM  CHEMICAL  ANALTttSI  9R,B13i  X 

check  On  f/a  ratio*  f/a  •  ,012090  n/o  et,  calculated  or  •  if.ioo  s 

SMOKE  INDEX!  G4>0 

SALTXMAN  NOX  •  OJ *0  PFM 


figure  mi.  Final  Modified  Conventional  Liner,  Modification  "l" 
at  Regenerative  100#  Power  -  71#  Cloeed  DZ. 
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T6S  COMBUSTOR  EXPERIMENTS  •  RIO  0/U  70,  TEST  SERIES  07,  REAOING  R  070 
T03  MODIPIEO  CONVENTIONAL  LINER,  MOO  RUN  RE6EN  T6S  INLET  CONDITIONS* 
TEST  OATEI  0-17-72  READING  NAS  TAKEN  AT  102700  HOURS 

CYCLE  POINT  2  VARIABLE  GEOMETRY  50  I  CLOSED  IBB  I  PONER  SETTING 

*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIN  FLOP  2*003  LB/SEC  AV6  BURNER  INLET  TEMP  071*  OEG  P 

AVG  BURNER  !N*.£T  PRES  05*0  PSIA  AVG  BURNER  OUTLET  TEMP  1704*  OEG  P 

AVG  BURNER  OELTA  P  15,70  >H6  PRESSURE  LOSS  0,11  I 

OVERALL  P/A  RATIO  .81420  (P/M)  FUEL  FLOP  RATE  152.07  L»/MR 

AIR  LOAD  FACTOR  1.33IS  PATTERN  FACTOR  .17975 

BOT  HOT  SPOT  I  •  SB  •  1026*  DEG  F  MAX  BOT  /  AVG  BOT  1.8702 

FUEL  INLET  TEMPERATURE  ISO.  OEG  P  FUEL  INLET  PRESSURE  230,0  PSIA 

HEAT  LOADING  PARAMETER  *300072*07  BTU/MOUR/ATM/CUBIC  FOOT 

*«••  BURNER  outlet  temperature  SURVEY  *•*• 

10  TEMP  10  TEMP  10  TEMP  JO  TEMP  10  TEMP  10  TEMP  10  T|mP 
ANNULUS  I  2  1070,  0  1081.  15  1798*  )B  1737,  24  1SS0*  27  1009*  90  1026* 

ANNULUS  2  4  1009,  7  1000,  10  1703,  21  1003,  25  1000,  34  |003*  37  1705. 

ANNULUS  3  5  1030*  14  1001,  17  1571,  22  1002,  20  1705,  35  1773,  30  1072, 

LEFT  SIDE  •••  AIR  inlet  TUBE  CONDITIONS  •••  RIGHT  SlOE 

TOTAL  PRESSURE  04,00  PSIA  TOTAL  PRESSURE  08,03  PSIA 

STATIC  PRESSURE  04,25  PSIA  STATIC  PRESSURE  04,45  PSIA 

VELOCITY  DELTA  P  1,51  *HG  VELOCITY  OELTA  P  1.10  “MG 

AIR  TEMPERATURE  07l,  OEG  F  AIR  TEMPERATURE  071,  OEG  F 

AIR  VELOCITY  207,70  FT/SEC  AIR  VELOCITY  104,02  PT/SEC 

DIFFERENTIAL  PRESSURE!  ((LEFT  P*YOYAL)*{0I0MT  P*T0TAL)1  *.000  "MB 

AIR  PLOM  DATA!  P«REF*  182,7  PSIA  OELTA  P*  4,20  »W  T*R|P*  03,  OEG  F 

fuel  system  oatai 

FUEL  P/M  PRESUfNCV  S70,  N2  VOLUMETRIC  FLOP  RATI  24,03  SAL/NR 

FUEL  PRESSURE  AT  F/H  204,2  PSIA  FUEL  TEMP  AT  P/M  100,  OEB  F 

••  MISCELLANEOUS  TRANSDUCER  RIAOINSS  •• 

MANIPQLO  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  77,27  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  01,02  FBI A  (10UCGR  P  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  IS, 72  •MB  (XOUCER  P  13) 

•  CHEMICAL  ANALYSIS  RESULTS  • 

BAS  SAMPLES  TAKEN  IN  PLANE  Pt 

COS  t,92B  I  02  10,800  I  CO  29,0  PPM  CNt  ,2  PPM 

NO  00,0  PPM  NOB  4,4  PPM  MOI  03,0  PPM  iNO(NOtP)  •  MOI(NOUV)) 

NO  *0  PPM  NOS  ,9  PPM  NOI  ,9  PPM  (  CMEHtLUNtNESCEMCE  ) 

EMISSIONS  tNOfil,  LB/1990  LB  FUEL*  CO*  1,77  CMS*  ,02 

CHEMILUMINESCENCE  NOI*  ,09,  N01R  *  NOUV  NOl*  10,01 

calculated  fuel /air  ratio  from  chemical  analysis)  ,012099 

CALCULATEO  COMBUSTION  EFFICIENCY  from  CHEMICAL  ANALYSIS  I  00,0074  t 
CHECK  ON  F/A  RATIO*  F/A  •  ,012972  I'/O  02,  CALCULATED  Ot  *  17,470  | 

SMOKE  INOEII  14)1 

SALTZNAN  NO I  *  PPM 


Figure  432.  Final  Modified  Conventional  Liner,  Modification  "B" 
at  Regenerative  IOOX  Power  -  SOX  Closed  DZ. 
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TABLE  XC. 

EMISSION  INDEX  COMPARISON  OF  CONVENTIONAL 

T63-A-5A  COMBUSTOR  AND  THE  FINAL  MODIFIED 
CONVENTIONAL  MODIFICATION  "B”  COMBUSTOR 

EMISSION  INDEX 

fLB/lOQO  LB  FUELI 

NONREGENERATIVE 

REGENERATIVE 

EMISSION 

CONSTITUENT 

BASELINE  MODIFIED 
T63-A-SA  CONVENTIONAL 

BASELINE  MODIFIED 

T63-A-5A  CONVENTIONAL 

CH 
x  y 

1.544  .364 

•378  .072 

CO 

26.094  11.432 

13.804  5.009 

NO 

X 

5.068  4.068 

8.412  6.725 

PARTICULATES 

.239  .298 

•040  .030 

TOTAL 


32.945 


16.162 


22.634 


11.836 


Convencional  T63-A-5A  combustor  produces  0.713  lb/hr  of 
remunerative  conditions  while  the  Modified  Conventional 
produces  0.656  lb/hr  of  N0X  at  regenerative  conditions, 
of  engine  operation, this  is  an  8 96  reduction  of  N0X  from 
Conventional  combustor  liner. 


N0X  at  non¬ 
combustor 
Per  hour 
the  Modified 


Pressure  loss  for  the  Modification  "B"  combustor  liner  is  compared 
with  losses  for  the  Conventional  T63-A-5A  combustor  liner  and  Regen¬ 
erative  T63  combustor  liner  in  Table  XCI.  The  Modified  Conventional 
combustor  losses  at  the  096  closed  dilution  geometry  setting  are 
nearly  equal  to  the  Regenerative  liner  losses.  At  the  28X  closed 
dilution  geometry  setting, the  Modification  "B"  losses  compare  very 
favorably  with  the  Conventional  T63-A-5A  losses.  A  large  penalty 
in  pressure  loss  was  suffered  at  the  5096  and  7196  closed  dilution 
settings. 


Regenerative  conditions  exhaust  temperature  profile  data  are 
presented  in  Table  XCII.  The  5096  closed  dilution  setting  in  the 
Modified  Conventional  combustor  liner  produced  temperature  profiles 
comparable  to  both  the  Conventional  T63-A-5A  liner  and  the  Regenera¬ 
tive  T63  liner  when  tested  at  regenerative  combustor  conditions. 


For  the  ambient  temperature  and  pressure  startup  test,  the  standard 
T63  spark  igniter  was  used,  as  it  had  been  in  all  previous  testing  of 
the  Modified  Conventional  combustors.  The  rig  test  conditions  were: 


Airflow  Rate,  W& 

Inlet  Temperature,  BIT 
Inlet  Pressure,  BIP 
Fuel/Air  Ratio,  F/A 
Fuel  Flow  Rate,  Wf 


0.24  lb/sec 
86°F 

14.5  psia 
.038  and  .029 
32  and  25  lb/hr 


The  dilution- zone  geometry  was  set  to  2896  closed.  The  prefire  rig 
and  combustor  conditions  are  given  in  Figure  433.  The  32  lb/hr  fuel 
flow  rate  was  set,  and  fire-up  was  achieved  10  seconds  after  the  spark 
igniter  was  activated.  The  rig  and  combustor  conditions  after  fire- 
up  are  given  in  Figure  434.  .  A  second  fire-up  test  was  performed  at 
the  25  lb/hr  fuel  flow  rate.  Ignition  was  achieved  at  this  fuel 
flow, also  1C  seconds  after  activation  of  the  spark  igniter.  These 
post  fire-up  conditions  are  presented  in  Figure  435. 


Emissiorv'combustor  data  were  obtained  for  the  "Final  Modified  Con¬ 
ventional  Modification  "B"  Combustor  Liner"  operating  at  the  5096 
closed  dilution  geometry  setting  for  a  nine-point  set  of  parametric 
combustor  conditions.  Three  values  of  four  parameters  were  set  on 
the  combustor,  the  middle  value  of  the  three  being  the  nominal  test 


656 
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TABLE  XCI.  COMPARISON  OF  COMBUSTOR  PRESSURE  LOSS  (30  FOR  FINAL 
DESIGN  MODIFIED  CONVENTIONAL  MODIFICATION  "8"  COM¬ 
BUSTOR  LINER  .'.ND  BASELINE  T63  COMBUSTOR  LINERS  AT 
T63  REGENERATIVE  OPERATING  CONDITIONS 


Cycle  Point 


I.  Conventional  T63-A-SA  Liner  6. SO  6.S2  7.00  6.8S  6.2/  6.64 


II.  Regenerative  T6  3  Liner 


III.  Final  Design  Modified 
Conventional  Liner 
Mod.  ”B” 

0%  Closed 

28*  Closed 

SO*  Closed 

71*  Closed 


6 

.  S 

6.52 

1 

7.00 

5. SO 

S.  45 

S.  71 

S.  74 

7.29 

7.31 

10.18 

3 

2 

6.2/ 

6.64 

5.20 

5.21 

6.86 

9.47 

9.11 

12.99 

13.30 

TABLE  XCII.  COMPARISON  OF  EXHAUST  TEMPERATURE  7UJFILE  Umax'Tavtt) 
FOR  FINAL  DESIGN  MODIFIED  CONVENTIONAL  COMBUSTOR 
LINER  MODIFICATION  nBn  AND  BASELINE  T6 3  COMBUSTOR 
LINERS  OPERATING  AT  T63  REGENERATIVE  CONDITIONS 


Cycle  Point 

1 

6 

5 

4 

3  | 

2 

I. 

Conventional  T63-A-5A  Liner 

1.076 

1.085 

1.078 

1.063 

1.065 

1.051 

II. 

Regenerative  T63  Liner 

1.090 

1.112 

1.114 

1.120 

1.130 

1.147 

III. 

Final  Design  Modified 
Conventional  Liner 

Mod.  ”B" 

0%  Closed 

1.146 

1.120 

1.131 

26%  Closed 

1.149 

1.157 

1.162 

1.162 

1.152 

5096  Closed 

1.069 

1.075 

1.078 

1.071 

1.079 

t— — 

71K  Closed 

[ 

j 

i 

1.160 

1.160 

..  VOffXvff  S»**N«5»k»< 


-  jNK^-^owrt*?* .  -  V's"rv”' 


T63  COMBUSTOR  EXPERIMENTS  •  RIG  8/U  70,  TEST  SERIES  86,  REAOING  R  998 
T3  MODIFIED  CONVENTIONAL  LINER,  MOO  "8"  AM8IENT  IGNITION  TEST, 

TEST  OATET  8-17-72  REAOING  NAS  TAKEN  AT  1327113  HOURS 


CYCLE  POINT  7 


VARIABLE  GEOMETRY  28  X  CLOSED 


0  X  PONER  SETTING 


EXPERIMENTAL  CONDITIONS  **t«* 


BURNER  AIR  FLOW 

.240 

LB/SEC 

AVG  BURNER  INLET  TEMP 

86, 

DEG  F 

AVG  BURNER  INLET  PRES  14,4 

PSIA 

AVG  BURNER  OUTLET  TEMP 

8?. 

OEG  F 

AVG  BURNER  DELTA  P 

.18 

"HG 

PRESSURE  LOSS 

.60 

X 

OVERALL  F/A  RATIO 

.00000 

(F/M) 

FUEL  FLOW  TATE 

.8* 

lb/hr 

AIR  LOAO  FACTOR 

^  3064 

PATTERN  FACTOR 

,72697 

SOT  hot  SPOT*  *  S 

•  08, 

OEG  F 

MAX  BOT  /  AVG  BOT 

1,0092 

FUEL  INLET  TEMPERATURE  93, 

OEG  F 

FUEL  INLET  PRESSURE 

13,9 

PSIA 

HEAT  LOADING  PARAMETER  ,00000E*<50  BTU/MOUR/ATM/CUBIC  FOOT 

•  *** 

BURNER  I 

OUTLET  TEMPERATURE  SURVEY 

ID  TEMP 

10  TEMP 

10  TEMP 

IP  TEMP  ID  TEMP  ID  TEMP  ID 

TEMP 

ANNULUS  i  2  88, 

8  B7, 

15  87, 

19  86,  24  87,  27 

87,  36 

ST. 

ANNULUS  2  4  87. 

7  87, 

10  87, 

21  87 ,  29  87,  34 

87,  37 

ST, 

ANNULUS  3  5  88, 

14  06. 

17  87. 

22  87.  29  87,  35 

88,  39 

08. 

LEFT  SIOE 

***  AIR 

INLET  tube 

CONDITIONS  **• 

RIGHT  IIDE 

TOTAL  pressure 

14,49 

PSIA 

TOTAL  pressure 

14,49 

PSIA 

STATIC  PRESSURE 

14,43 

PSIA 

STATIC  PRESSURE 

14,44 

PSIA 

VELOCITY  DELTA  P 

,03 

"MG 

VELOCITY  DELTA  P 

,01 

"HG 

AIK  TEMPERATURE 

86, 

DEG  F 

AIR  TEMPERATURE 

86, 

DIG  F 

AIR  VELOCITY 

41,08 

ft/sec 

AIR  VELOCITY 

31,51  1 

FT/SEC 

differential  pressure i  ((left  p-totau*(right  p*total)j 


•  *M8 


"MB 


AIR  FLQN  DATA!  P-REF*  UP, S  P8IA  DELTA  Pi  ,35  ”HG  T-WEFi  IBS,  OEG  F 


FUEL  SYSTEM  DATA  I 

FUEL  F/M  FREQUENCY  .  Mi 

FUEL  PRESSURE  AT  F/M  14,7  PSIA 


VOLUMETRIC  FLON  RATE 
FUEL  TEMP  AT  F/M 


,•«  GAL/HR 
93,  DEG  F 


*»  MISCELLANEOUS  TRANSDUCER  READINGS  •* 

MANIFOLD  AVERAGE  BURNER  OUTLET  total  PRESSURE  14,38  PSIA 

COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  14, 41  PSIA  (XOUCER  «  11) 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  ,17  ”MG  (XOUCER  «  13) 


SMOKE  INOEXI  X 
SALTZMAN  nox  ■ K 


RPM 


Figure  433.  Final  Modified  Conventional  Liner,  Modification  "B" 
Startup  Teat  -  Prefire  Conditions. 
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T63  COMBUSTOR  EXPERIMENTS  -  RIG  B/U  70,  TEST  SERIES  86,  READING  »  959 

T63  MODIFIED  CONVENTIONAL  LINER,  MOD  "B»  AMBIENT  IGNITION  TEST, 

TEST  OATEl  8-17-72  READING  MAS  TAKEN  AT  1328148  HOURS 


CYCLE  POINT  7  VARIABLE  GEOMETRY  28  X  CLOSED  0  X  POWER  SETTING 


*****  EXPERIMENTAL  CONDITIONS  ***** 

BURNER  AIR  FLOW  ,233  LB/SEC  AVG  BURNER  INLET  TEMP  86 


AVG  BURNER  INLET  PRES  14,5  PSIA 

AVG  BURNER  DELTA  P  ,18  "MG 

OVERALL  F/A  RATIO  ,03814  (F/M) 

AIR  LOAD  FACTOR  ,3778 

BOT  HOT  SPOT  I  M  34  *  1633,  OEG  F 

FUEL  INLET  TEMPERATURE  93,  OEG  F 
HEAT  LOAOING  PARAMETER  ,48138E*07 


AVG  BURNER  OUTLET  TEMP  903, 


PRESSURE  LOSS  ,61 
FUEL  FLON  RATE  32,24 
PATTERN  FACTOR  ,09381 
MAX  BOT  /  A VC  BOT  1,8096 
FUEL  INLET  PRESSURE  28,4 


BTU/HOUR/ AT M/CUBIC  FOOT 


DEG  F 
DEG  F 
X 

LB/HR 


PSIA 


****  BURNER  OUTLET  TEMPERATURE  SURVEY  **** 

ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP  ID  TEMP 
ANNULUS  1  2  093,  6  909.  15  1624,  19  1077,  24  937,  27  1202.  36  1296, 
ANNULUS  2  4  820,  7  905,  16  1207,  21  630,  25  850.  34  1033,  37  840, 
ANNULUS  3  3  303,  14  912,  17  473,  22  403,  26  638,  33  842.  3»  443, 


LEFT  SIDE 
TOTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


AIR  FLOW  OATAI  P-REPa  109,8  PSIA 


FUEL  SYSTEM  DATA! 
FUEL  F/M  FREQUENCY 


IR 

INLer  TUBE 

CONDITIONS  •** 

RIGHT  SIDE 

,92 

PSIA 

TOTAL  PRESSURE 

14.92 

PSIA 

.32 

PSIA 

STATIC  PRESSURE 

14,91 

PSIA 

.81 

"HG 

VELOCITY  DELTA  P 

,03 

"MG 

86, 

OEG  F 

AIR  TEMPERATURE 

86, 

DEG  P 

,00 

FT/SEC 

AIR  VELOCITY 

42,89 

PT/8EC 

CLEFT  P*TOTAL) 

•  (RIGHT  P-TOTALM 

•  ,813 

"HG 

9,0 

PSIA  DEL 

TA  Pa  ,33  "HG  T*RIF»  187, 

OEG  P 

is. 

MZ 

VOLUMETRIC  FLOW  RATE 

9,21 

GAL/HR 

S,0 

PSIA 

Fueu  temp  AT  F/M 

81. 

OEG  P 

**  MISCELLANEOUS  TRANSDUCER  READINGS  *• 
MANIFQLO  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  14,43  ^SJA 
COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  14,81  PSIA 

BURNER  DIFFERENTIAL  TOTAL  PRESSURE  ,17  ”MI 


(XOUCIR  *11) 
(XDUCER  8  13) 


SMOKE  INOEXI  t 

8ALTZMAN  NOX  ■  *  PPM 


Figure  434.  Final  Modified  Conventional  Liner,  Modification  "B” 
Startup  Test  -  Fire-up  at  .038  F/A. 
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To3  combustor  experiments  -  rig  b/u  70,  test  series  86,  reading  «  960 

T63  MOOIFIEO  CONVENTIONAL  LINER,  HOD  "B"  AMBIENT  IGNITION  TEST. 

TEST  DATE!  8-17.72  READING  MAS  TAKEN  AT  1333*15  HOURS 

CYCLE  POINT  7  VARIABLE  GEOMETRY  28  X  CLOSED  0  X  POWER  SETTING 


EXPERIMENTAL  CONDITIONS  ***** 


BURNER  AIR  PLOW 

,230 

LB/SEC 

AVG  BURNER 

INLET  TEMP 

87, 

deg 

F 

avg  burner  inlet 

PRES 

14, S 

PSIA 

AVG  BURNER 

OUTLET  TF.MP 

593, 

CEG 

F 

AVG  BURNER  DELTA 

P 

.25 

"MU 

PRESSURE  LOSS 

.85 

X 

OVERALL  P/A  RATIO 

• 

02082 

(F^M) 

FUEL  FLO* 

RATE 

24,74 

lb/hr 

AIR  LUAO  FACTOR 

,3845 

PATTERN  FACTOR 

,94828 

80T  HOT  SPOT  1  4 

15  * 

1074. 

DEG  F 

HAX  BOT  / 

AVG  BOT 

1.8100 

FUEL  INLET  TEMPERATURE 

93, 

DEG  F 

FUEL  INLET 

PRESSURE 

17.7 

PSIA 

HEAT  LOADING  PARAMETER  ,37tJ03E*07  BTU/HOUR/ATM/CUBIC  ROOT 


****  BURNER  OUTLET  TEMPERATURE  SURVEY 


10 

TEMP 

ID 

TEMP 

10 

TEMP 

ID 

TEMP  10 

TEMP 

ID 

TEMP 

to 

TEMP 

ANNULUS 

1 

2 

36ft, 

6 

580, 

15 

1074, 

19 

779,  24 

722, 

27 

792. 

36 

888, 

ANNULUS 

2 

4 

596  , 

7 

542, 

16 

829, 

21 

374.  28 

621. 

34 

1848. 

37 

346. 

ANNULUS 

3 

5 

316, 

14 

54B, 

17 

253, 

22 

380,  26 

420. 

38 

823, 

39 

* 

LEFT  SIOE  *** 

AIR 

INLET  TUBE 

CONDITIONS  *** 

RIGHT  SIOE 

TOTAL  PRESSURE 

14,49 

PSIA 

TOTAL  PRESSURE 

14,49 

PSIA 

STATIC  PRESSURE 

14,47 

PSIA 

STATIC  PRESSURE 

14,48 

PSIA 

VELOCITY  DELTA  P 

.94 

»HG 

velocity  delta  p 

.S3 

"MG 

AIR  TEMPERATURE 

86, 

DEG  F 

AIR  TEMPERATURE 

87  , 

DEG  F 

AIR  VELOCITY 

82.01 

FT/SEC 

AIR  VELOCITY 

41.81 

FT/8EC 

DIFFERENTIAL  PRESSURE! 

((LEFT  P-TOTAL) 

•(RIGHT  P.TOTAL)) 

.992 

■MG 

AIR  FLOM  DATA!  P-REi  • 

110.1 

PSIA  DELTA  Pi  ,34  "MG  T-REP"  117, 

,  dig  p 

FULL  SYSTEM  OATAI 

FUEL  P/M  FREQUENCY 

«9, 

HZ 

VOLUMETRIC  FLOP  RATE 

3,99 

GAL /MR 

FUEL  PRESSURE  AT  F/M 

188.2 

PSIA 

FUEL  TEMP  AT  P/M 

91. 

DEC  F 

*»  MISCELLANEOUS  TRANSDUCER  READINGS  •• 
MANIPOLO  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  14.37  RSI  A 
COMBUSTOR  OUTER  CASE  STATIC  PRESSURE  14.81  PSIA 

BURNER  OIPPERENTIAL  TOTAL  PRESSURE  ,88  *MG 

SMOKE  InOEXi  X 

saltzhan  NOX  >X  ppm 


(XDUCER  *11) 
(XDUCIR  «  13) 


Figure  43$.  Final  Modified  Conventional  Liner,  Modification  "B" 
Startup  Teat  -  Fire-up  at  .029  F/A. 
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value.  The  parametric  point  values  tested  were  the  following: 


Airflow  Rate,  Wa  (Ib/sec) 

1 

2 

3 

Inlet  Temperature,  BIT  (*F) 

200 

600 

1000 

Inlet  Pressure,  BIP  (psia) 

30 

60 

90 

Exhaust  Temperature,  BOT  (°F) 

1100 

1500 

1900 

a 

The  50X  closed  dilution  geometry  setting  was  used  throughout  the 
parametric  tests  because  the  best  exhaust  temperature  profiles  were 
obtained  using  that  setting.  The  detailed  test  results  from  the  • 

parametric  tests  are  presented  in  Figures  436  through  444.  Important 
data  from  these  test  results  are  summarized  in  Table  XCIII. 


* 
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T  Ci^PfSH-"  fcit’pUHnTS  -  *IG  e/l*  lit  i  TEST  SERIES  88,  READING  • 

TM  nwlUti'  C'»M»k*‘TiO»**L  LInFR,  POL-  "t"»  WUR  PARAMETRIC  STDOlES. 

T ►  a r  TAU:  -4.tr>. 7^  kF.*Ul*«G  "AS  TAKEN  AT  1836(31  HOURS 

CUI.F  t-OlM  /  VaNUULE  GFr"FTRv  SJ)  *  CLOSED  «  |  ROWER  SETTING 

•••*«  EkPEN2»tNTAL  C0n.11 Ilms  *»<*« 

nlh-Hl-  *1«  Hu.  ?  ,.’?y  LP/SfcC  AVG  DO"  HER  INLET  TEND  266.  1)16  F 

tvs  N,i"Nta  ntfl  ?"F5  SO. 7  PS  1 A  AVG  Mi't-HER  OUTLET  TEWR  1591.  0E6  F 

*VG  hij" ut R  DEL  1  •  »  4.73  "PC  PRESSURE  LOSS  3,89  X 

ovrOALl  F/a  o A T ) o  .**1  46P  (F/P)  POLL  FcJR  RATE  143. Ft  L8/WR 

Alt  l>'A»  PACIu"  .**36  rATTERA  FACTOR  ,17888 

HOT  «f-T  SP-1T  I  t>  3?  ■  1/J4.  OF  G  F  PA  A  POT  /  AVG  0OT  1.1888 

►  utl  I'-ct  T  TfMPf^JtuKK  o«.  OfeG  F  FOIL  JRLE T  PRESSURE  l»S,4  FSIA 

HfeAT  U'ACInG  RaVa^TH  ,S?t7«E*r7  WTO/HOUR/ ATP /CUR IC  FOOT 

«••*  AiiA-itf  OUTLET  TFPPERATORE  SURVEY  a*** 
in  lu  TtiP  ID  URP  10  TERR  10  TERR  10  TERR  10  TERR 

Anhilda  I  ?  !«</.  p  1487.  18  1886.  18  13R6.  »4  1968.  27  1636.  38  1734, 

ARNJLUS  8  i  1689.  7  16*9.  16  1433.  81  1382.  88  1581,  34  1873,  37  1817, 

AM,, tuns  3  9  14V*.  14  17  l|3l.  88  M18.  86  1SR9,  38  1342.  38  1484, 

lF.FT  me  AIR  lM.ll  TIDE  LOADITIOKS  •••  RIGHT  SIDE 

TCIal  UPSSlH  64.73  P$1A  TOTAL  PRESSURE  88,78  R8IA 

STATIC  Pt-LSSJ"*  SV.S9  F'  $  I A  STATIC  PRESSURE  98,89  RSIA 

VtLOUlY  Ot  L  T  A  "  .37  »PG  Vf  LOCI  I V  OtLT  A  R  ,32  “HG 

Am  T F.MPkP ATi.'fc F  234.  OEG  F  AIR  TCPRERATuRE  289,  0E6  F 

Ai"  vtLOLlTv  M.63  M/SFC  A  JR  VELOCITY  77,81  FT/StC 

U1M«>1"TIAL  •»* FSSlRF.1  t(l£FT  R-T OT Al )• (RIGHT  P-TOTALJ)  •.«»  “R« 

A (4  PL*  4  DAT A t  r."tN  144. h  MSI  A  DELTA  R«J7,84  *h0  T*ifR •  188,  011  F 

Futt.  SYSTEp  t>ATa| 

Foil  f/«  fpegulacv  832.  R*  volumetric  Flow  rate  23,19  SAw/Hi 

Fuel  R*r.SSuWt  AT  f/p  384.4  RSIA  P|(K  H«|»  AT  P/m  88.  01$  F 

««  miscellaneous  transducer  reaoihgs  •* 

PAPJFDU  AVFRAGt  Ml  MM*  OuKET  TpTAL  RAiSSORE  87,4!  Rlt4 

COPRURTgR  CUTtR  CASE  STATIC  PRESSURE  88. 88  RIlA  (SOUCIR  •  It) 

aOPSF"  ulFFEAEMtAL  tut«L  PRESSURE  4,7i  *11$  (IDUCER  •  13) 

«  CrFRICAl  ANALYSIS  RESULTS  • 

GAS  SAMPLES  TAKER  IF  FLARE  *1 


C02 

a.fSd  t 

18.28*  E 

CO 

376, f 

FRR 

CNF  3,8  RRR 

NO 

13,4  FFK 

Rl  7 

26,4  RMR 

Np» 

33,8 

RRH 

tNOCROIi)  •  ROf (ROUV)l 

Nl« 

,M  MM" 

*1-7 

,4  R.RR 

ROE 

.! 

MRR 

(  CRERlLUMlRfiClRCf  ) 

•  FISSIUM  IMY/1,  in/1/44  l6  PiitLI  CO*  18.88  CHID  .8) 

CfEPlLD-tNESCERCF  KOI*  ,RP,  MOJR  ♦  ROUV  NOV*  1.71 

CALCULATED  FCEL/AlR  4ATI0  FRCP  CREPICAL  AMLT8I8!  ,t|8llf 

Calculated  ro-DuSMo*.  efficiency  FROM  Chemical  ANALYSIS!  ••*9419  t 
CRICK  OK  P/A  NtTlO*  F/a  •  ••19482  v/O  Ct.  CalCulaTCO  Of  •  11,32)  S 

IRCKt  IRLEII  12  oo 

IalURAR  ROI  •  ms  RFM 


Figurt  436.  Final  Modi f ltd  Convantional  Linar  Modification  ”8” 
Paramatric  Taat  at  BIT  •  200*F- 


663 


i 
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Tft  *  Ui--ji:SU>  tf.t-MH  .  WIG  t/U  7F,  TfcST  SERIFS  f S,  HEADING  4  979 

le.i  Pl.-ointG  C'»v>.*r!OML  lint*,  HOP  «b"  Mia  PARAMETRIC  STUDIES. 

TtSt  'UTtl  >-l*-7;>  READING  kts  TAPE*  AT  1312158  HOURS 

c*cu  OJ1NT  7  »«>UtU  ttyf.KpTHY  5i»  *  CI.C  St u  *  t  RQHER  SETTING 


«««•*  £ n»e*lHkMAL  CUPUlT TONS  •••*• 


41*  K*l*  LP/SkC 

avg  «i'*'»tki*  I  Net*  PrcS  PS  1 A 

AVI-  iuTi  *  7.«2  ^*6 

tVpKAL*  ttk  o ATI  0  , '  1445  (F/P) 

A  i»  GOAO  A  At  TON  1.1A4S 

HU*  SPi.  »l  *  Sc  •  15*6.  G6G  f 

M'tL  IMIT  Tr  ''►i**Tl  RF  t,<2.  C£G  F 
►fe»T  LtliilM,  PAl.4i«OE»  ,.*75Ule*fr7 


AVG  BIlRNtR  INLET  TEHR  69». 
AVL  PURNtR  OUTLET  TEHR  1982. 
PRESSURE  LOSS  9,97 

FMEl  FLO-  HATE  184.81 

RATTER*  E  ACTOR  ,1439} 

*»A»  COT  /  AVE  SOT  1,1 189 

FUEL  tMJT  PRESSURE  127.9 
bTli/HPUfc/ATP/CUilC  FOOT 


DEC  F 
0E5  F 
X 

Lf/HR 


RITA 


««*•  4ur\i.m  fluTLef  TEHRbRATi'Rt  SUHVEV 
II.  TPCP  in  Tg  <4R  If)  TfrNR  to  TfcNR  jo  T£HR  10  TERR  lO  T|HR 
.  ana.um.S-  1  i  lo,-o.  O  1434.  15  M71.  19  1459.  24  1537,  *7  1597,  96  1*89, 

akm.u‘5  •/  4  !*•«>.  7  1N47.  14  1419.  2!  1395,  29  1596,  34  lMtf,  37  f959, 

■:  ■ANt,uM‘*>  3  5  1537,  14  1275.  |7  1274.  92  1>54,  2«  J4R4,  35  1439,  39  1423. 

LfeAT  sink  ***  Ajw  Inlet  t-titf*  Cf>'»'DlT!**9  ••*  RIGHT  SlOE 

tt.tki  PR*  dR'.WF  *.*.**  RSI*  TOTAL  PRESSURE  69, R4  R|] A 

9T»t  H-  PHtSSwl  >4,74  PSIA  STAtlC  RRESSURE  99.78  RSI  A 

jftLCem  nttTA  P  ,N?  **G  VRLOCIT  i  OfLTA  R  ,8R  *Hf 

*1-  »A‘0*4AT*Mf  W*,  CtG  F  *J*  TFPRtRATuRE  649.  i)tS  R 

*l«  vUt'Ctn  IPA.So  PT/SIC  AIR  vtmtlTT  133,44  FT/SEC 

OlAF».PrNUAL  p«*p?$U>I  (<t»f  R*tUTAL)*f*iUHl  R-10T4L1J  ,4l«  "M« 

:  *1*  Flv.  llAtAf  P«t<*£  F  •  1,14,3  »S1A  ('(LTA  R*97,44  *Ht  Tt*(7i  |M,  OES  R 

\ 'F-3'c  L  Vfl  1E>  (.•:*»*  f,..; 

N't  »**.  Pi  VOinRETRiC  FlOR  RAIC  19,99  SAC/HR 

7u*l  pposiAP  *>  ►/»  345,3  P$l*  H»EL  Tk**R  AT  R/H  142,  0(8  R 

**  rlSC*Lt*NF.O'«f'  TP*A8Utlt*s*  PtAOlHES  . 

MMRisl  A. *-Ar«i»f  -1-A?5TP  MyTLET  TCTAL  RRES9URI  99,49  RIIA 

C5  4G3K1H  in*  HR  CARt  STATIC  PRESSURE  59,33  R»IA  (XOuCC*  •  III 

•yR>tP  U|P*7'.E«lw.  TOTAL  PRESSURE  7,49  >*8  (xDuCtR  •  13) 

»  £nRRIC4L  ANALYSIS  RESULTS  • 

GAS  SANRlF*  T»AliH  (h  RLAN(  RJ 

L03  .4.477  t  i.t  l*,»A*  I  f 0  87,7  PR«  CHX  ,9  RR.N 

RP  36.fr  »Po  Rt-2  9.7  PR*  ROl  46,3  RRH  (HO(MttlR)  ♦  ROt(HOUX)} 

vw  ,«•  *P«  *»‘2  ,4  RPP  ROX  .*  RRH  (  CMEHlLUPlNCSCEHCt  ) 

fA*S5lUR»  r.Ot*,  lp/KPA  L«  Fykn  via  5,96  (NX*  ,89 

CHX* ILUNINESCIHCE  ROIA  ,49,  R0I8  •  HOUR  HOI*  9,18 

CalCulateo  fi el/air  ratio  fror  chepical  aaaltsiii  ,813878 
CalCulaTEO  rOPRiSTlOA  tFF IC IChCT  F9QP  C*EH1C*L  AHALTSlSl  89.8387  t 

chela  unf/a  p*ti«-  ft  a  •  ,«i3797  p/o  or,  calcolateo  ot  •  19,999  1 


3*t*fc  UOEAt  J.94- 

•alTIhan  nO*  •  SIM  RRp 


t 


4 

f 


| 

.S' 


1 


1 

1 


Figure  437.  Final  Modi! led  Conventional  Linar  Modification  "B" 
ParaRwtric  Test  at  Nominal  Conditiona. 
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Taj  U»-'rtUS ri.x  ,.*»>»■>  i*FrT  4  •  PIG  fc/tt  7P,  TfST  SERIES  66,  READING  «  979 

163  H  iMHtn  roniet  T!(.»  *u  LlNf.R,  fCC  *6"  *UA  PabahETRIC  STUOIES, 
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Figure  139.  Final  Modified  Conyrntfinil  Liner  Modification  "B” 
Parametric  Te*t  at  Airflow  •  3  Ib/aec. 
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Figure  4M0.  Final  ModlH<sii  Conventional  Liner  Modification  ,*Br' 
Parametric  Test-  at  BIP  *  30  psia. 
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18,18  CM*  ,86 

.RR,  Ht 16  •  HOU»  KOI*  6,33 


C a !  CutAtto  PlfL/AU  Ratio  FROF  CPERIC4L  ANALTIIII  ,667541 

CALCULAtEO  C0PRL8TI0*.  EFFICIf *CT  7«t»  CMFICAL  AHALT8I8I  88, 3568  I 
LUCA  us  F/*  RATIO*  F/a  •  ,687414  WO  Of,  CALCULATED  0?  •  18,886  8 

8-OAI  IHIU  ooz 

sal  e  in  an  *<ox  •  . . . .... 


Figure  MH! .  Final  Modified  Conventional  Liner  Modification  "8" 
ParD«»etric  Teat  at  80T  «  1100‘F. 


668 


983 


T63  COfBL-SlOK  EXPERIMENTS  -  RIG  f/l, 

red  f 01; i F 1 1 d  con ventional  liner,  mgd 

TEST  l.UTt:  «- lN-7k 

CtCct  t-OiNT  7  VAR1A6LE  GEOMETRY 

*****  EXPERIMENTAL 
&UN  Nfw  air  F|.0*  2.M32  LB/Stc 

*wg  KUKNfcN  inlet  pres  55.7  psia 

AVb  BUkNER  DtLTA  P  7,74  »FG 
UVERAIL  F/a  RATIO  ,li'2P«3U  (F/N) 

AIR  LOAD  FACTOR  t.li)<55 

bOT  huT  SPOTS  *>  3p  *  213n,  DEG  F 
FUEL  INLET  TtURtRAT  UR£  ill,  OtG  F 
HEAT  LOADING  PARAMETER  ,55764E*e7  f 


P,  ItST  SERIES  88,  HEADING  • 

RON  PARAMETRIC  STUDIES, 

PEAUING  R AS  TAKEN  AT  1545122  HOURS 

5P  X  CLCSEO  0  %  POWER  SETTING 

CDNUITICNS  ***** 


A Vfc  BURNER  INLET  TEMP 

600. 

DEG  F 

AVG  6URNER  OUYLET  TEMP 

1873. 

DEG  F 

PRESSURE  LOSS 

6.37 

X 

FUEL  FLOn  RATE 

193.93 

LB/mr 

PATTERN  FACTOR 

.28234 

MAX  EOT  /  AVG  BOT 

1.1375 

FUEL  INLET  PRESSURE 

216.6 

PSIA 

.'/NO  UR/ATP/ CUBIC  FOOT 


***• 

BURNER 

OUTLET  TEMPERATURE 

SURVEY  *•*• 

ID 

TEMP 

10 

TEMP 

10 

TEMP  ID 

TEMP 

10 

temp  io 

TEMP  ID 

TE“P 

ANNIJLUS 

1 

2 

2011. 

6 

2056. 

15 

If  13.  19 

1792, 

24 

1685.  27 

1073.  36 

2130 

ANNULUS 

2 

4 

2065. 

7 

2070, 

16 

1750.  21 

1698. 

25 

1880.  34 

2620,  37 

2081 

ANNULUS 

3 

5 

1 V 1  4  , 

14 

1546, 

17 

1482.  22 

1658, 

26 

1631,  35 

1789.  39 

1899 

RIGHT  SIOE 
39.67  PSIA 
99.38  PSIA 
.99  "HG 

608.  DEG  F 
133. 63  FT/SEC 
.633  "HG 

AIR  Flow  CATAS  R.HEF*  1*4.5  PSijA  DELTA  P«26.43  "HG  T-REF*  m,  DEG  F 


LEFT  SIOE 
TOTAL  pressure 

STATIC  0<  ESSURP 
VELOCITY  DELTA  i 
AIR  TF.RPEHATURE 
AIR  VFLOCITY 


***  AIR  INLET  Tl'FE 


59.69 

5R.37 

.66 

600, 

1*1.10 


PSIA 
PS  J  A 
"HG 
DEG  F 
FT /SEC 


CONtlUONS  *** 
1PTAL  PRESSURE 
STATIC  PRESSURE 
VELOCITY  DELTA  P 
AIR  TEMPERATURE 
AIR  VELOCITY 


DIFFERENTIAL  PRESSURE:  ((LEFT  P-TOT  AL)  *  (R  IGHT  P-TOTAU1 


FUEL  SYSTEM  DATA! 

FU^L  F/M  FREQUENCY  &73,  RZ 

FUEL  PRESSURE  AT  F/M  4tf3,6  PviA 


VOLUMETRIC  FLOW  RATE  29,06  GAL/HR 
FUEL  TEMP  AT  F/M  111.  DEG  F 


**  MISCELLANEOUS  TRANSDUCER  READINGS  ** 
MAMFOLO  AVERAGE  BURNER  OUTLET  TOTAL  PRESSURE  59,88  PSIA 
COMBUSTOR  OUTER  CASE  STATIC  PRES5URE  97.85  »SIA 

PURSER  DIFFERENTIAL  TOTAL  PRESSURE  7,75  »HG 


(XDUCER  #  in 
(XOUCER  *  13) 


*  CHEMICAL  ANALYSIS  RESULTS  * 


C02  4.164 

gas  samples 

taken 

X 

02  14.700  X 

CC 

NO  66,1 

PPM 

NU2  11,5  PPM 

NOX 

NO  ,0 

PPM 

N'02  ,0  PPM 

NOX 

EMISSIONS 

INDEX 

,  L8/1000  LB  FUELI  C0» 
CHEMILUMINESCENCE  NOX« 

61.8  PPM  CHX  .0  PPM  , 

79.6  PPM  [NOCNDIR)  ♦  N02(NDUVi) 
.0  PPM  {  CHEMILUMINESCENCE  ) 
3,69  CHX ■  ,00 

.08,  NDIR  *  NDUV  NQX*  6,15 


CALCULATED  FUEL/AIR  RATIO. FROM  CHEMICAL  ANAL YSISl 
CALCULATED  COMBUSTION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS  I 
CHECK  ON  F/a  RATIO-  F/A  ■  ,019766  W/O  C2,  CALCULATED 


,020233 
99.0639  X 
02  ■  19,194  X 


SMOKE  INDEX:  4>0S 

SALTZMAN  nox  ■  PPM 


1 

\ 


1 


I 

I 

I 

! 


J 

1 


s 

J 

■i 

•K 

i 


Figure  442.  Final  Modified  Conventional  Liner  Modification  "B"  I 

Parametric  Test  at  BOT  -  1900" F. 
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T63  CO*8USTO»  EXPERIMENTS  -  RIG  B/U  78 
TS3  MODIFIED  CONVENTIONAL  LINER,  HOC  " 
TEST  DATE!  8-16-72 


*  UST  SERIES  88,  READING  «  981 

B"  RUN  PARAMETRIC  STUDIES, 

READING  *AS  TAKEN  AT  16841 IG  HOURS 


cycle  point  7  variable  getretry  sb  x  clcseo 


8  t  POWER  SETTING 


BURNER  AIN  FLO" 

avg  burner  inlet  pres  60.0  psia 
avG  «U«n£R  delta  p  1.75  "EG 
OVERALL  E/A  RATIO  .PIA56  [F/M) 
AIR  LOAD  factor  .5523 

BO T  NOT  SPOT !  (  ^  1  166*.  DEG  F 

FutL  INLET  TEMPERATURE  112.  OEG  F 


•  EXPERIMENTAL  CONDITIONS  ***** 

1.P18  LM/5EC  AVG  bUN NCR  INLET  TEMP  688,  OEG  P 
AVG  BURNER  OUTLET  TEHP  138*.  OEG  P 


PRESSURE  LOSS 
FUEL  FLOP  RATE 
pattern  factor 
max  POT  /  AVG  BOT 
FUtL  INLET  PRESSURE 


HEAT  LOADING  PAhAMfcTER  ,19277£*P7  PTU/HCliR/ATP/CUPIC  FOOT 


1.43  X 
53,33  LB/HR 
.17776 
1.1867 

74.8  PSIA 


anNOLUS  1 
ANMJLUS  3 
ANNtJLOS  3 


•***  HURsER  OUTLET  TEMPERATURE  SURVEY  ***• 

It  TE^P  10  TE*P  ID  TEMP  10  TEMP  ID  TEMP  10  TEMP  ID 

2  1556.  6  1397,  1 K  1527,  19  1519.  84  1558.  27  1614,  3© 

a  1521,  7  159*.  16  1471.  21  1*22,  ?3  154*,  34  1567.  37 

5  14Pr.  14  1 295,  17  1293.  22  1375.  26  1*78.  35  1438.  39 


TEMP 

I960. 

1847. 

1388. 


LEFT  SIOF  #»•  AIR 

TOTAL  PRtSSOSE  59.97 

6  f  AT  1C  PRESSURE;  59.67 

VELOCITY  DELTA  ^  .21 

*  IR  IttFEkATliRfc  «  .10, 

«li*  VELOCITY  Pil.DM 


DIFFERENTIAL  PX EbSuRF  •  t  ( l.  F' 


NLET  TUBE  CONDITIONS  *** 
PSIA  TOTAL  PRESSURE 

PSIA  STATIC  PRESSURE 

"HG  VELOCITY  OELTA  P 

OEG  F  A I "  TEMPERATURE 

FT/SEC  AIR  VELOCITY 

T  F-T0TALWR1GHY  P- TOTAL)) 


RIGHT  SIDE 
59.98  PSIA 
59,63  PSIA 
.18  "HG 

600.  DEG  F 
54.36  FT/SEC 
-.015  "HG 


AIR  FLU*  DATA;  106.7  PSIA  DELTA  p»  6.56  "HG  V-REF*  118.  DEG  F 


FUfcu  SYSTEM  DATA; 

FutL  F/M  FRE.JUcN'CY  **»•.  HZ  VOLUMETRIC  FLOW  RATE  8.7J  SAL /MR 

FutL  PwRSSl'RE  ■  AT'.F/f  47.9.*  PSIA  FUEL  T(!NP  AT  F/M  HI,  OEG  F 

**  MS(  ELI.  ANEOUS  TRANSr  tJC.tR  READINGS  ** 

HAN'it-riLL.  AVF«AGt-  PL’RN'F.R  OUTLET  TCUl  PRESSURE  59.11  PSIA 

LOMPuSKR  OUTER  CASE  STATIC  PRtSSUPF  59,78  PSIA  (XDUCER  »  JIT 

HijhNEK  OiFFEmRnT  r  al  Total  PRESSURE  1,74  "HG  CXOUCtR  »  13) 


*  CHEMICAL  ANALYSIS  RESULTS  * 


i-as  samples  Taken 
CO?  3. 1  M3  \  ('?  -  1  ft.l M>  x  to 

NO  34,3  Pp*  ' mL2  14,7  P"M  Nfx 

no  .V  PPM  M-2  .*  PPN  NUX 

EMISSIONS  I N  0  F  X  ,  IF/1M*  Lri  HjFL!  CO* 
t>tF'T.U:MlNESCENLh  Mt  X  « 


IN  RLANfc  *1 

69.4  PPM  CHX  1.0  PPM 

E9.0  PPM  [NO (NDIR)  ♦  N02(N0UV)1 

,p  ppm  t  chemiluminescence  1 

«  »6F  CHX  *  ,10 

,*e,  NUIH  ♦  NOUV  NOX«  7.83 


C  A  l  Cl'LAT  fc  3  Fi:rl/AIR  RATIO  FNCx  CHEPIC*t  ANALYSIS!  ,015522 

CALCULATED.  C0M.1U81 ION  EFFICIENCY  FROM  CHEMICAL  ANALYSIS!  99.8818  S 
CMFCK  ON  N/A  RiTIC-  F/A  «  .eilMStt  v/0  C2.  CALCULATED  02  «  18.360  X 

SPEKE  INDEX!  20- 12 

SALT2NA.M  sox  *  ^  PPM 


* 


Figure  443.  Final  Modified  Conventional  Liner  Modification  ”B" 
Parametric  Test  at  Airflow  »  1  lb/s^c. 
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T63  COMBUSTOR  EXPERIMENTS  -  RIG  8/U  70,  TEST  SERIES  68,  READING  0  835 

T63  NQOIFIEO  CONVENTIONAL  LINER,  HOD  »B"  RUN  PARAMETRIC  STUDIED, 

TEST  OATEl  8-18-72  READING  HAS  TAKEN  AT  1688(17  HOURS 

CYCLE  POINT  7  VARIABLE  GEOMETRY  58  X  CLOSED  0  X  POWER  SETTING 


*****  EXPERIMENTAL  CONDITIONS  ***** 


BURNER  AIR  FLOM 

2,832 

lb/sec 

AVG  BURNER  INLET  TEMP 

599. 

OEG  F 

AVG  BURNER  INLET  PRES 

90.6 

PSIA 

AVG  BURNER  OUTLET  TEHP 

14G7. 

OEG  F 

AVG  BURNER  DELTA  P 

4.75 

"HG 

PRESSURE  LOSS 

2.58 

X 

Overall  f/a  ratio 

01398 

CF/P) 

FUEL  PLON  RATE 

102.23 

L0/HR 

AIR  LOAD  FACTOR 

.7380 

PATTERN  FACTOR 

a  16189 

BCT  MOT  SPOT!  *  36  » 

1641. 

DEG  F 

MAX  BOT  /  AVG  BOT 

1.6966 

FUEL  INLET  TEMPERATURE 

114. 

DEG  F 

FUEL  INLET  PRESSURE 

156,3 

PSIA 

MEAT  LOADING  PARAMETER  ,24469E*07  BTU/HOUR/ATM/CUBIC  FOOT 


•*««  BURNER  OUTLET  TEMPERATURE  SURVEY  ***» 


10  TEHP 

II? 

TEMP 

10  temp 

10  TEHP  ID  TEHP 

ID 

TEHP  JO 

TEMP 

ANNULUS  1  2  1581. 

6 

1606, 

IS  1480. 

19  1468,  24  1539, 

27 

1607,  36 

1841. 

ANNULUS  2  4  1626. 

7 

1607, 

16  1426, 

21  1404.  25  1542, 

34 

1573.  37 

1866. 

annulus  3  •>  151?., 

1  A 

1275. 

17  1266. 

22  1367,  26  1496. 

35 

1402,  39 

1453. 

LEFT  Slut 

r **  air  : 

INLET  tupe 

CONDITIONS  *** 

RIGHT  SIDE 

TOTAL  PRESSURE 

23.57 

PSIA 

TOTAL  PRESSURE 

90,58 

PSIA 

STATIC  PRESSURE 

9H.30 

PSIA 

STATIC  PRESSURE 

90.39 

PSIA 

velocity  delta  F 

.55 

"HG 

VELOCITY  DELTA  P 

,38 

"HG 

air  TEMPERATURE 

599, 

OEG  F 

AIR  TEMPERATURE 

599. 

OEG  F 

AIN  VELOCITY 

184.73 

FT/SEC 

AIK  VELOCITY 

86,87 

FT/SEC 

OIFFERtNTIAL  PMtSSLRF!  t  (LEFT  P-TOTAL)- (RIGHT  P-TOTAL)) 

-.619 

"HG 

AIR  FLU*  OATAJ  F-PEpa 

104. 1 

PSIA  DELTA  P*28,34  "HG 

T- 

REF*  108. 

OEG  f 

Fuel  system  hataj 

Fuel  F/h  FRfcPilEfCV 

3«2. 

M  Z 

VOLUMETRIC  FtOh  RATE  18.71 

GAL/HR 

FUEL  pressure  At  ►/ 

.  k. 

540,1 

PSIA 

FUEL  TEMP  AT  F/M 

113, 

DEG  F 

*«  MISCELLANEOUS  TRANSDUCER  READINGS  ** 

MANIFOLO  AVERAGE  rtfPNgR  OUTLET  TCTAL  PRESSURE  88,24  P8IA 

COrBUSTOR  OUTER  C*SE  STATIC  PRESSURE  89,48  PSIA  (XDUCER  *  11) 

BUPN'EP  DIFFERENTIAL  TOTAL  PRESSURE  4,74  "HG  (XDUCER  #  13) 


*  CHEMICAL  ANALYSIS  RESULTS  * 
GAS  SAMPLES  Taken  in  plane  hi 


CG2 

2.801  * 

(<2 

16.5H2  X 

LO 

33.3 

PPM 

CMX  ,0  PPM 

NO 

S7.9  PPM 

NO  2 

8,1  PPM 

NOX 

66,0 

PPM 

tNO(NDIR)  ♦  N02(NDUV)) 

Nil 

,H  PPM 

NO  2 

.4  PPM 

Nfj  X 

,9 

PPM 

{  CHEMILUMINESCENCE  ] 

Emissions  I*DEX,  LB/UMM  L8  FUEL*  fC*  2,34  CHX*  ,99 

ChkMLUHINESCENCE  NCX*  .00,  Nr,TR  ♦  NOUV  NQX*  7,69 

CALCULATED  FDEL/AIR  ratio  FROM  CHEMICAL  ANALYSIS!  ,213752 

CALCULATED  COMUSflON  EFFICIENCY  FRCM  CHEMICAL  ANALYSIS!  99,9127  X 
CHECK  On  F / A  RATIO-  K/a  a  ,013373  k/0  02,  CALCULATED  02  »  17,096  X 

smoke  INDEX!  J6>,(p0 

SALTZf'AN  NOV  3  PPM 


Figure  444.  Final  Modified  Conventional  Liner  Modification  "B" 
Parametric  Test  at  BIP  =  90  psia. 
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